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Laboratory investigations were made to study the be­
havior of four widely used metal-chelates in flooded 
soils. The metal chelates studied were CuDTPA (Copper- 
Diethylenetriaminepentaacetic acid), CuEDTA (Copper- 
Ethylenediaminetetraacetic acid), ZnDTPA (Zinc- 
Diethylenetriaminepentaacetic acid), and ZnEDTA (Zinc- 
Ethylenediaminetetraacetic acid). The soil used was a 
silt loam collected from the Rice Experiment Station, 
Crowley, Louisiana. Several studies made on the behavior 
of these metal-chelates include: i) the stability of
the metal-chelates as influenced by redox potential, ii) 
the effect of some physicochemical changes brought about 
by flooding on the behavior of these metal-chelates, iii) 
the extent of fixation of Cu and Zn added as metal-DTPA 
and EDTA complexes in a flooded soil under varying con­
ditions of redox potential and pH, and iv) the effect of 
oxidation of the reduced soil system on the behavior of 
these Cu and Zn chelates.
The redox potential had a very significant effect 
on the stability of all four metal chelates studied.
The percent of added Zn and Cu that remained in the soil 
solution decreased with decreasing redox potential from
+500 to -200 mv. Even though Zn and Cu chelates were 
stable at higher redox potentials, their stability de­
creased with time, apparently due to physical adsorption 
and microbial decomposition of the metal-chelate complex. 
At lower redox potentials, Zn and Cu chelates were found 
to be highly unstable. This instability was found to be 
mainly due to chemical fixation of added Zn and Cu, not 
due to physical or microbial decomposition of the metal- 
chelate complex. Iron, Mn, Ca, and Mg were found to be 
forming metal-chelate complexes with EDTA and DTPA ligand
molecules once Zn and Cu were removed from their metal-
*
chelate complexes.
The behavior of all four metal-chelates was influ­
enced by several physicochemical changes brought about 
by flooding. Redox potential of the soil system indirect­
ly affected the behavior of Cu and Zn chelates by bringing 
about changes in several physicochemical properties of 
flooded soils. Some of them included the changes in Fe, 
Mn, Ca, and Mg systems. Among these several chemical 
systems, the changes in the Fe-system followed by the 
Mn-system appeared to have a dominating influence on the
O  ibehavior of Cu and Zn chelates. The large amounts of Fe 
and Mn^+ released into the soil solution, due to the re­
duction of oxyhydroxides of Fe and Mn, displaced the Cu
and Zn from DTPA and EDTA complexes. The pH influenced 
the behavior of Cu and Zn chelates only at higher redox 
potentials and had no effect at lower redox potentials.
Two processes appeared to be responsible for the fix­
ation of Cu and Zn added as CuDTPA, CuEDTA, ZnDTPA, and 
ZnEDTA. They were the adsorption of whole metal-chelate 
complex on the soil exchange complex and the chemical 
separation of Cu and Zn from their metal-chelates and 
their eventual precipitation as insoluble solid phases 
or the adsorption of Cu and Zn on the soil particles.
Both the redox potential and pH appeared to influence 
these fixation processes. Fixation occurred at all redox 
potential-pH values and at all the concentrations of Cu 
and Zn chelates studied. The relative fixation of Cu and 
Zn decreased with the increasing concentrations of Cu and 
Zn used. Fixation decreased with an increase in pH from 
5 to 8 and a decrease in redox potential from +450 to'
-150 mv.
The DTPA and EDTA chelates of Cu and Zn behaved 
quite differently during the oxidation of the reduced 
soil system as compared to their behavior during the re­
duction of the oxidized soil system. This was because of 
the several physicochemical changes taking place in the 
soil during the reduction process, proceeded in the
xiii
reverse direction when the soil was oxidized. Practically 
all of the Cu and the major part of added Zn were removed 
from the soil solution, probably due to the sulfide effect 
and the high concentration of Fe^+ and Mn^+ in the soil 
solution. The major portions of Cu and Zn fixed in the 
reduced soil system were recomplexed with DTPA and EDTA 
with a corresponding displacement of Fe and Mn due to their 
precipitation as insoluble oxyhydroxides during the oxida­
tion process. The recomplexation of fixed Cu and Zn with 




Ever since the introduction of chelating agents, 
extensive research has been carried out on the behavior 
of various chelating agents in soils and hydroponic 
solutions, particularly on their role in micronutrient 
availability (Wallace, 1963a, 1963b; Lindsay et al., 
1967; Norvell, 1972; Lindsay, 1974). A wide variety 
of materials including plant and soil extracts, humic 
and fulvic acids, root exudates, synthetic organic ma­
terials such as EDTA (ethylenediaminetetraacetic acid), 
DTPA (diethylenetriaminepentaacetic acid), HEDTA (hy- 
droxyethylethylenediaminetriacetic acid), CDTA (cyclo- 
hexane-1, 2-diaminetetraacetic acid), EDDHA (ethylene- 
diamine di (o-hydroxyphenylacetic acid)), etc., were 
used as chelating agents for supplying micronutrient 
cations to crops grown under upland soil conditions.
They keep the micronutrient cations in soluble form by 
preventing their removal due to precipitation reactions. 
Micronutrient cation is made available as long as the 
metal-chelate complex is stable in soil solution.
The use of metal-chelates as a nutrient source
1
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depends upon their stability in soil. The stability of 
these metal chelating agents depends upon several fac­
tors such as pH (Lindsay et al., 1967; Norvell and 
Lindsay, 1969, 1972), adsorption by soil particles (Hill- 
Cottingham and Lloyd-Jones, 1958; Wallace et al., 1955a), 
associated cation (Anderson, 1964), chemical or metabolic 
decomposition of ligand, and other soil properties. Ex­
tensive studies were made on the stability of synthetic 
metal chelating agents, and pH-stability diagrams were 
drawn for the most widely used metal-chelates in agri­
culture (Lindsay et al., 1967; Lindsay, 1974). Most of 
these studies were confined to the behavior of these 
metal-chelates in upland soils. Very little work has 
been done on the behavior of these metal-chelates in 
flooded soils and sediments.
Metal-chelates which are stable under a given set 
of upland or well-drained soil conditions may or may 
not be stable under flooded soil conditions because of 
wide changes in various physicochemical and biological 
properties of soil caused by flooding (Turner and 
Patrick, 1968; Ponnamperuma, 1972). The chemical 
changes are set in motion by the biological redox pro­
cesses that result from oxygen depletion. The oxidized i 
forms of several redox systems serve as electron
3
acceptors in the microbial respiration resulting in the 
reduction of NO^ to N2 , Mn^+ to Mn^+ , Fe^+ to Fe^+ , and 
S0|“ to S^“ . Flooding of a soil causes increased con­
centration of metal ions such as Mn^+ , Fe^+ , Ca^+ , Mg^+ , 
K+, and Na+ resulting in the greater ionic strength of 
soil solution. Under natural soil conditions, pH of 
both acid and alkaline soils converges towards neutrality 
after flooding. Several of these physicochemical changes 
brought about by submergence make flooded soils distinct­
ly different from that of upland soils.
The chemistry and availability of Cu and Zn are 
drastically changed by flooding a soil (IRRI, 1970; 
Giordano and Mortvedt, 1972; Reddy and Patrick, 1976; 
Jugsujinda and Patrick, 1977). Unlike Fe and Mn whose 
concentration in soil solution increases upon flooding, 
the concentration of Cu and Zn decreases due to several 
chemical reactions that are set in motion by flooding. 
Several mechanisms which are responsible for the removal 
of Cu and Zn include: (i) precipitation as insoluble
hydroxides, sulfides, carbonates and bicarbonates, (ii) 
adsorption and occlusion by oxyhydroxides of Fe and Mn, 
and (iii) removal caused by the several soil physico­
chemical changes brought about by flooding.
No attempt has been made so far to utilize the
4
chelating agents to supply micronutrients, particularly 
Cu and Zn to plants grown under flooded soil conditions. 
In spite of several studies on the metal-chelate chem­
istry under upland soil conditions, practically no work 
has been done to understand the chemistry of metal- 
chelates in flooded soils where rice is being grown ex­
tensively throughout the world.
The objectives of this investigation were:
(i) to study the effect of redox potential on the 
stability of EDTA and DTPA complexes of Zn and Cu in 
flooded soils.
(ii) to study the effect of some physicochemical 
changes brought about by flooding on the behavior of 
CuDTPA, CuEDTA, ZnDTPA, and ZnEDTA.
(iii) to study the extent of fixation of Cu and Zn 
added as their DTPA and EDTA complexes to flooded soils 
under varying conditions of redox potential and pH.
(iv) to study the behavior of CuDTPA, CuEDTA, 
ZnDTPA, and ZnEDTA during the oxidation of reduced soil 
system.
REVIEW OF LITERATURE
A. General Characteristics of Metal-Chelates Used in 
Agriculture
The word "chelate" comes from the Greek meaning 
"claw" which refers to the ring configuration when a 
metal ion combines with two or more electron donors.
This reaction may be compared to two claws removing 
metal ions from solution. Werner, as reported by 
Martell and Calvin (1952). was the first person to re­
port that certain metal cations combined with a definite 
number of other atoms to form a complex. This number 
is called coordination number. This coordination num­
ber can be used as a guide to determine the maximum 
number of groups of a chelating agent that will be 
bound to a single metal ion (Stewart and Leonard, 195.7) . 
Linkage between the metal ion and the organic chelating 
molecule may occur in two or more places - the number 
being dependent upon the properties of the chelating 
agent. Based on this number, the chelating agents are 
classified as bidentate, tridentate, and quadridentate, 
etc., to designate the number of linkages. For example
5
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a metal ion such as Zn^+ with a coordination number of 
four can bind two bidentate molecules. Whereas, a metal 
ion such as Fe^+ with a coordination number of six can 
hold three bidentate groups or two tridentate groups.
Chelation may be defined as the equilibrium reac­
tion between a metal cation and complexing agent charac­
terized by the formation of more than one bond between 
the metal cation and a molecule of the complexing agent, 
and resulting in the formation of a ring structure in­
corporating the metal cation. Chelation chemistry is a 
part of the large field of coordination chemistry.
When the metal cations are combined with a chelat­
ing agent, their chemical properties are changed. When 
surrounded by chelating agent, the metal cation becomes 
part of an anion. This change from a positive to a 
negative charge appears to make metal cations much more 
available to plants. How long and to what extent the 
metal cations are kept in solution in available form 
and how much they are available to plant roots depend 
upon several soil physicochemical and biological factors.
1. Properties of a Good Metal-Chelate 
The metal-chelates widely differ in their capacity 
to maintain available supplies of micronutrient cations 
in soils. The added metal-chelate may or may not be
7
available to plants. The metal cation in the metal- 
chelate is frequently displaced by other cations in 
soil. Some important properties that a good chelate 
must have are listed below (Wallace, 1956b; Brown,
1969) .
i) The metal (Fe, Zn, Mn, or Cu) in the chelate
ring must not be easily replaced by other metals, 
ii) The metal-chelate must be stable against hy­
drolysis .
iii) The chelating agent must not be decomposed by 
soil microorganisms, 
iv) The metal-chelate must be water-soluble.
v) The chelate must not be easily fixed in soil, 
vi) The metal must be available to the plant either 
at root surface or somewhere in the plant, 
vii) The chelating agent must be nontoxic to plants 
in the amounts needed, 
viii) The metal-chelate must be in a form easily ap­
plied to soil or to plants, 
ix) The metal-chelate must be inexpensive. Synthe­
tic chelating agents now in use in crop produc­
tion meet some, but not all of these character­
istics.
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2. Common Chelating Agents Used in Agriculture 
The various synthetic chelating agents that have
been used in agriculture are given in Table 1. Among 
them the first five chelates are widely used. They are 
polyamino carboxylic acids having a wide range of sta­
bilities with several metal cations.
3. Some Factors Influencing the Stability of 
Metal-Chelates
a. Effect of Metal Ion
The properties of metal ion influences the stability
of metal-chelate complex. In many metal-chelation re­
actions , the bonds formed between the metal cation and _ 
the chelating agent are ionic in nature. In those 
cases, for metal ions of the same family having the same 
charge, the stability of metal-chelate complex increases 
as the ionic radius of metal ion decreases. The stabil­
ity of metal-chelate complex also increases with in­
creasing charge of the metal cation. That is the reason 
why Fe^+ forms more stable complex with chelating agents 
than Fe^+ . Sometimes the linkage between the ligand 
molecules and the metal ion is covalent in nature. Un­
der such circumstances, the stability increases with in­
crease in the electronegativity of the metal cation 
(Lehman, 1963).
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Table 1. Chemical names, formulae, and abbreviations 
of common chelating agents (Norvell, 1972).
Name Formula Abbrevi­ation
Ethylenediaminetetraacetic acid C10H16°8N2 EDTA
Diethylenetriaminepentaacetic
acid c 14h 23°10n3 DTPA
Cyclohexanediaminetetraacetic
acid c 14h 22°8N2 CDTA
Ethylenediaminedi-o-
hydroxyphenlyacetic acid c1 8h2 0°6N 2 EDDHA
Hydroxyethylethylenediamine- 
triacetic acid C10H18°7N2 HEDTA
Nitriolotriacetic acid C6H9°6N NTA
Ethyleneglycol-bis(2-amino-
ethylether) tetraacetic acid C14H24o 10N2 EGTA '
Citric acid C6H8°7 CIT
Oxalic acid c2h2o 4 OX
Pyrophosphoric acid H4P2°7 P2°7
Triphosphoric acid H5P3°10 p3 ° 1 0
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b. Effect of Chelating Agent
Stability of a metal-chelate complex depends upon 
several properties of chelating agent itself (Lehman, 
1963). Metal-chelate stability appears to be increas­
ing with increase of number of rings formed by a chelate 
and metal cation. The increase of stability with the 
additional ring formation is referred to as the chelate 
effect. Size of the chelate ring also influences the 
metal-chelate stability. Generally five-member ring is 
reported to be more stable. Type of donor atom in the 
chelate molecule also plays an important role in deter­
mining the stability of metal-chelate complex. Metal 
cations such as Cd?+, Co^+ , and Zn^+ form more stable 
complexes with the chelate molecules if the donor atom 
is S or N as compared to when the donor atom is o 
(Lehman, 1963). The contribution of resonance to che­
late stability has also been reported (Bjerrum et al., 
1958) .
It appears that metal-chelate stability is also 
influenced by steric effects. Lehman (1963) reported 
that the substitution of functional groups in the 6 and 
6' positions decreases the stability of 2, 2'-bipydrine 
due to mutual repulsion between ligands. It is believed 
that the functional groups prevent the ligand molecule
11
from assuming coplanar configuration and hence interfere 
with the resonance stability in the metal-chelate.
Entropy also plays an important role in the metal- 
chelate stability, because, in many chemical reactions, 
the negative ion (chelate molecule) and the positive ion 
(metal cation) are combined. It results in the forma­
tion of neutral metal-chelate complex which will have 
less influence on the orientation of water molecules. 
This process results in an entropy increase. This en­
tropy change appears to be partly responsible for in­
creasing the stability of metal-chelate complex (Carini 
and Martell, 1954; Charles, 1954).
The various other soil environmental factors such 
as temperature, dielectric constant, ionic strength of 
soil solution, etc. will also influence the stability 
of metal-chelate complex. It has been reported that 
for amino-carboxylic acids, the stability constant de­
creases approximately by two log units between room 
temperature and 100°C. Stability constant of metal- 
chelate complex generally increases with decrease in 
dielectric constant of soil solution and decreases with 
an increase in ionic strength of soil solution (Lehman, 
1963) .
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B. Behavior of Metal-Chelates in Soil
1. Naturally Occurring Chelating Agents in Soil 
Many scientists have reported that soil organic 
matter is capable of complexing metal ions and that 
these natural chelates are important in soil formation 
and plant nutrition. Soil organic matter appears to form 
complexes with metal cations by ion exchange, surface 
adsorption, chelation, and complex coagulation and pep­
tization reactions (Mortensen, 1963). The majority of 
the principal chelating donor groups are present in soil 
organic matter. Some of them include amino, imino, 
keto, hydroxy, thioether, carboxyl, phenolic-OH, and 
phosphonate groups (Martell and Calvin, 1952). Many 
ligand groups which can chelate metal cations are also 
present in polymers such as mixtures of lignin, poly­
saccharides, proteins, tannins, and other polyphenols.
The various compounds such as free amino-acids, phytic 
acid, adenosine phosphate, aliphatic acids, keto acid, 
chlorophyll, and catechin separated from soil organic 
matter appear to chelate metal cations. Major fractions 
of soil organic matter which chelate metal ions over a 
wide range of pH are humic acid and fulvic acid 
(Schnitzer, 1969). Stability constants of metal cations 
with humic and fulvic acids have been reported (Ardakani
13
and Stevenson, 1972; Verloo and Cottenie, 1972).
The naturally occurring polyelectrolytes act as 
carriers of metal cations in soils, sediments, and nat­
ural waters, and they appear to be partly responsible 
for the migration and accumulation of mineral substances 
in biogenic deposits and sedimentary rocks. The natural­
ly occurring chelating molecules can originate as root 
exudates, as substances released from the decaying or­
ganic matter, as products of microbial synthesis and 
other products (Rovira, 1962).
Plant roots were known to excrete certain naturally 
occurring chelating agents such as glycine, citrate, 
flavin, and various other low molecular weight organic 
acids which can chelate metal cations (Wallace, 1963b). 
The presence of these chelating agents is one of several 
explanations of how plants are able to obtain iron which 
is very insoluble in soils. These chelating agents com­
bine with metal ions in soil to form soluble metal com­
plexes. Such soluble metal complexes increase the total 
concentration of these metal ions in solution and there­
by facilitate larger concentration gradients, which 
cause more rapid diffusion of metal cations to plant 
roots.
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2. Reactions of Metal-Chelates in Soil
a. Exchange Reactions 
The exchange reactions of the type given below can 
take place when a metal-chelate is added to soil.
FeX + Zn-Chelate  ̂ Fe-Chelate + ZnX
where 'X' can be soil exchange complex, natural chelat­
ing agent or some inorganic anion. The extent to which 
the exchange reaction of this type can take place depends 
on the stability constants of metal-chelates, the solu­
bility products of slightly soluble metal salts, and 
other complex factors which affect the establishment of 
equilibrium conditions (Stewart and Leonard, 1954b;
Kroll, 1956; Wallace et al. , 1957).
The exchange reactions between a metal-chelate and 
some metal ion solid phase were reported by Wallace and 
Lunt (1956) by using radioactive ^ F e  and is illustrated 
by the following generalized equation:
FeX + Fe*-chelate ^ — - Fe-chelate + Fe*X
The extent to which the exchange reactions of this type 
occur is often small. These reactions do not directly 
influence the effectiveness of chelate use by soil ap­
plication (O'Connor et al., 1970). These reactions also
15
depend upon the characteristic properties of the chelate 
molecule. For example, FeACPA metal-chelate appears to 
be extremely stable in calcareous soil with little iso­
topic exchange of Fe, whereas, the metal-chelating agent. 
FeCDTA is subjected to considerable isotopic exchange in 
both acid and calcareous soils.
Addition of one metal ion as its metal-chelate com­
plex to soils also brings about changes in various chemi­
cal forms of certain other metal ions by exchange reac­
tions (Perkins and Purvis, 1954; Szladits, 1956; Wallace 
and Mueller, 1968). Addition of Na2EDTA increased ex- 
tractable (water-soluble + exchangeable) Fe up to 15 
times. Treatment with MnEDTA increased both water- 
soluble Fe and Mn by releasing them from soil exchange 
complex. It also resulted in the increase of exchange­
able Fe due to the substitution of Fe for Mn in the 
chelate structure and subsequent adsorption of Fe- 
chelate complex on soil exchange complex. Alternate 
wetting and drying appear to promote this process, re­
sulting in the increase of Fe:Mn ratios from 1 to 26 
(Perkins and Purvis, 1954). Lunt et al. (1956) re­
ported that the reaction involving Fe precipitation 
from FeEDTA is controlled by the exchange rate of che­
lated Fe for other metal ions in solution. This exchange
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rate appears to be low in acidic solution; in solutions 
with a pH of 8 and above, it appears to be very fast 
due to the formation of FeEDTA-OH complex (Jones and 
Long, 1952).
b. Hydrolysis of Metal-Chelates 
When the pH of the medium increases, a stepwise ad' 
dition of hydroxyl ions occurs with an increase in the 
negative charge on the chelate (Kroll, 1956). For ex­
ample, with the addition of a third 0H“ ion to FeEDTA 
leads to the precipitation of Fe as insoluble FeCOH)^. 
The extent to which alkaline hydrolysis occurs depends 
upon the nature of the chelate and pH of the medium. 
Therefore, if we want to use a metal-chelate in cal­
careous soils, it should be resistant to alkaline hy­
drolysis in the pH range up to about 8. Alkaline hy­
drolysis also causes less absorption of metal-chelate 
by plant root due to higher negative charge of the che­
late (Wallace, 1956a). He also reported that increased 
bicarbonate ion concentration in soil solution resulted 
in lower amount of Fe-chelate being absorbed by plants 
due to bicarbonate effect on pH. It appears that hy­
drolysis of Fe-chelates such as FeEDTA proceeds rela­
tively slow in alkaline solution at pH 8; but clay 
minerals evidently have the capacity to catalyze this
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reaction, so that the precipitation of Fe in soils oc­
curs at a relatively rapid rate (Lunt et al., 1956).
c. Fixation of Metal-Chelates
One of the important chemical reactions of metal 
chelating agents is their fixation in soil. It leads to 
the removal of metal-chelates from soil solution. Fixa­
tion of metal-chelates is the result of two processes: 
adsorption and fixation by chemical reaction. Adsorp­
tion is considered to be a reaction in which the ion is 
distributed between the solution phase and solid phase 
surface. The adsorption process is affected by the 
electric charge of the organic anions as well as by the 
properties of the surface area of soil particles.
Norvell and Lindsay (1972) reported immediate loss 
of -*-^C-labelled DTPA from the soil solution due to ad­
sorption by soil particles. The rate of loss from
the DTPA by adsorption was strongly influenced by soil 
pH and the associated cation (Anderson, 1964) and other 
soil properties. The losses were severe in acid soils. 
Also, losses from MnDTPA, FeDTPA, and Na2 DTPA were large 
as compared to losses from ZnDTPA and CuDTPA. According 
to Norvell and Lindsay (1969), although a portion of ap­
plied metal-chelate is lost immediately by adsorption 
on soil particles, the majority of chelate remains in
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solution for at least a few weeks and much longer. 
Separation of metal from metal-chelate complex by chemi­
cal reactions seems to be a more serious limitation of 
the effectiveness of chelating agent as a micronutrient 
metal carrier.
Fixation by chemical reaction refers to all pro­
cesses that bring about a decrease in the concentration 
of metal ion in soil solution after its addition to soil 
as soluble metal-chelate. it also includes several pro­
cesses that result in the separation of metal cation 
from the metal-chelate complex and the subsequent pre­
cipitation and/or adsorption of metal cation.
Fixation reactions are not simple cation exchange 
reactions (Wallace et al., 1955a). For example, FeEDTA 
exists predominantly as an anion, although highly polar. 
Wallace and Lunt (1956) reported the possibility of fix­
ation of FeEDTA through anion exchange. They also re­
ported greater fixation of FeEDTA in the presence of 2% 
calcium, potassium, or sodium chloride, or when the soils 
were acidified to pH values of 4 or below. These effects 
may have been due to the mass action forcing the equi­
librium towards nonionic form from the anionic form.
Lahav and Hochberg (1975b) also reported that the fixa­
tion rate of ZnEDTA and FeEDTA increased with increase
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in Ca^+ concentration. It appears Ca^+ ion affects both 
the adsorption and chemical fixation of metal-chelates.
The chemical fixation of metal-chelates also ap­
pears to be dependent on the type of chelate molecule 
(Hemwall, 1958; Hill-Cottingham and Lloyd-Jones, 1958, 
1965) and the type of cation associated with the chelate 
(Anderson, 1964). Lahav and Hochberg (1975a) reported 
FeEDDHA was neither adsorbed nor fixed by the soil.
Both ZnEDTA and FeEDTA were fixed in the soil column in 
the presence of Ca^+ , but not in the presence of K+ . 
ZnEDTA was not fixed significantly, whereas FeEDTA was 
fixed in the presence of either K+ or Ca^+ . Lahav and 
Hochberg (1975b) reported that the fixation pattern of 
FeEDTA followed the first order reaction. Whereas the 
fixation pattern of ZnEDTA followed the first order re­
action for periods only up to 8 to 10 hours. Lahav and 
and Hochberg (1976) reported that the fixation of metal 
chelates by adsorption and chemical reactions also de­
pended upon reaction rate constant and soil:water ratio.
Some metal-chelates are fixed on the clay mineral 
surface (Bould, 1955; Lunt et al., 1956; Wallace, 1956b). 
Wallace and Lunt (1956) reported that the fixation was 
by means of linkage of chelate to metal to an exposed 
oxygen atom on clay, given as follows.
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Metal-chelate + o-clay - Chelate-raetal-o-clay
(linkage)
Metal-chelates fixed in this manner are poorly available 
to plants. They further reported that space configura­
tion is also an important factor in metal-chelate fixa­
tion on clay since they observed FeEDTA, MnEDDHA, and 
ZnEDDHA being fixed on clay, whereas MnEDTA, ZnEDTA, and 
FeEDDHA hot being fixed. This differential fixation of 
chelated micronutrient cations such as Cu^+ , Zn^+ , Fe^+ , 
and Mn^+ leads to complex effects of soil applications 
of chelates on the micronutrient balance in plants 
(Holmes and Brown, 1955).
The work of Wallace and Lunt (1956) on the adsorp­
tion of FeEDTA on clay suggests that it is not fixed on 
the basal plane surfaces of the clay but rather on the 
edges of the clay. This was confirmed from the c-axis 
spacing of montmorillonite which did not expand when 
the chelates were fixed on the clay as determined by 
X-ray diffraction. The cation exchange capacities of 
certain clay minerals like bentonite and kaolinite were 
reported to be slightly altered. It appears that for 
each exchange site blocked by the fixation of FeEDTA, a 
new site is provided by the adsorbed chelate. Wallace 
and Lunt (1956) reported the possibility of fixation of
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neutral FeEDTA-H molecules on the clay minerals. At low 
pH values of 3.6 and below, hydration of FeEDTA takes 
place leading to the formation of neutral FeEDTA-H. If 
such neutral molecules exist in soil solution, they will 
be adsorbed by clay minerals. The effects of hydration 
and dipolar nature on the behavior of other metal- 
chelates have not been investigated. Both of these fac­
tors appear to influence the metal-chelate reactions in 
soils.
Besides clay minerals, various other inorganic soil 
constituents could adsorb chelating agents. The colloid­
al particles of calcite and dolomite and other hydrated 
and unhydrated oxides of Fe, Mn, and Al could be posi­
tively charged and hence adsorb organic anions (chelat­
ing agents) (Hemwall, 1958) . It is believed that clay 
minerals generally have a slight Coulombic anion-exchange 
capacity resulting from the exposed Al atoms at the 
edges of clay lattice.
d. Reactions Involving Microbial Attack
The usefulness of metal chelating agents in soils 
depends on their susceptibility to microbial attack.
The metal-chelates used for soil application must be re­
sistant to microbial decomposition (Wallace et al.,
1957). The polyamino-polyacetate chelating agents
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appear to be to some extent resistant to microbial deg­
radation, though no group of organic molecules are to­
tally resistant to microbial decomposition. The che­
lating agents such as hydroxy-polycarboxylic acid che­
lates are rather prone to microbial attack. Therefore, 
these compounds are poor sources of micronutrient cations 
when applied to soil, although they are used successfully 
for spray application to plant canopy.
Norvell and Lindsay (1972) reported that a portion 
of the -^C-labelled DTPA lost from soil solution was due 
to chemical or microbiological decomposition. They sug­
gested that -^C-labelled DTPA decomposed to products 
that include unidentified chelating ligands with a lower 
■^C content per ligand. Partial decarboxylation due to 
microbial activity was thought to be one of the decom­
position reactions responsible for the removal of DTPA 
from soil solution.
The losses of -^C from DTPA by microbial and chemi­
cal decomposition are also influenced by soil pH and 
associated metal ion. Norvell and Lindsay (1972) ob­
served greater losses of DTPA by microbial decomposition 
in acid soils as compared to alkaline soils. When the 
metal ion is associated with DTPA, the losses were large 
from MnDTPA, FeDTPA, and Na2DTPA as compared to ZnDTPA
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and CuDTPA in alkaline soils.
3. Metal-Chelate Equilibria
a. Stability Constant
One of the most important characteristics of a 
metal-chelate complex is its formation or stability con­
stant, the value of which provides a quantitative mea­
sure of the affinity of the metal cation for the chelate 
molecule. The reaction between a metal cation and a 
chelating agent can be represented by the following 
equation:
Metal cation + chelating agent metal-chelate
At equilibrium,
_ (metal-chelate)
reaction (metal cation)(chelating agent)
The parentheses indicate molar concentration, and 
K is the equilibrium constant of the reaction. The 
value of K gives the molar ratio of the metal in the 
chelate to the free metal in the ionized state. If K 
is large, the concentration of free metal cation is 
small and vice versa. This K is called formation con­
stant of the metal-chelate complex. The stability of 
metal-chelate complex increases with an increase in 
stability constant value (log k). The value of K varies
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depending upon (i) type of metal cation; (ii) type of 
chelating agent, and other soil physicochemical condi­
tions .
Extensive studies were made on the stability con­
stants of metal-chelating agents (Martell and Calvin, 
1952; Sillen and Martell, 1964; Clark and Turner, 1969; 
Schnitzer and Skinner, 1966, 1967; Schnitzer and Hansen, 
1970; Stevenson and Ardakani, 1972; Stevenson et al.,
1973). The stability constants of DTPA and EDTA with 
certain metal cations and of inorganic solid phases of 
Cu and Zn are given in Table 2. The numerical values 
of stability constants of metal-chelate complexes are 
useful in predicting the solubility and movement of 
micronutrients in soils. The stability constants of 
metal-chelate complexes are also important in predicting 
the availability of metal ions to plant roots and their 
behavior in plant system once they are absorbed.
Metal-chelates with low stability constants are 
poor sources of nutrients to plants. This is because 
of instability of metal-chelate complex which results 
in the separation of metal ion from the metal-chelate 
complex. The separated metal cation will be fixed in 
the soil either by adsorption on soil exchange complex 
and/or by precipitation as insoluble solid phase.







DTPA EDTA Inorganic species
Ca + L ^ C a L KCaL 11.84 11.42
Cu + L ^ C u L KCu L 22.48 19.62
Cu+2 + 20H~^=^Cu(OH)2 KCu (OH)2 18.80
Cu+2 + S2"^=±CuS KCuS 36.06
Fe + L^±FeL KFeL 28.86 26.27
Mg + L ^ M g L KMgL 10.21 9.48
Mn + L ̂ =^MnL KMnL 16.55 13.13
Zn + L ?=±ZnL KZnL 19.50 17.09
Zn+2 + 20H>=^Zn(0H)2 KZn(OH)2 17.05
Zn+2 + S=?=^ZnS KZnS 25.00
*Formation constants for metal-chelate complexes were obtained from 
Halvorson and Lindsay (1972). Formation constants of inorganic species 
were calculated from the free energy data obtained from Garrels and 
Christ (1965).
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Metal-chelates with very high stability constants are 
also poor sources of nutrients to plant. Even though 
they keep metal cations in soluble form by preventing 
precipitation and adsorption reactions, plant root will 
not be able to separate metal cations from the complex 
and absorb them from soil solution. Even if the whole 
metal-chelate complex is taken up by the plant root, 
plant ezymatic systems will not be able to utilize the 
metal ions. This may lead to accumulation of toxic 
levels of metal-chelates in the plant system,
b. Equilibrium Reactions 
When a chelating agent is added to soil, several 
metal cations compete for reaction with chelate to form 
metal-chelate complexes. Some of the metal-chelate re­
actions are represented diagramatically in Figure 1. 
Equilibrium reactions involving metal ions such as Fe^+ , 
Mn^+ , Zn^+ , Cu^+ , and Mg^+ with chelating agents such as 
EDTA, DTPA, HEDTA, and EDDHA have been studied in detail 
(Lindsay et al., 1967; Lindsay and Norvell, 1969b; 
Norvell and Lindsay, 1969, 1972; Norvell, 1972). Under­
standing the equilibrium reactions of these metal ions 
is of great importance from the plant nutrition point of 
view. Equilibrium reactions of toxic heavy metals such 
as Pb, Cd, Co, Ni, Ar, etc. with synthetic chelating
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Figure 1. Diagramatic representation of metal- 
chelate equilibria in soils.
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agents have not been investigated thoroughly. The only 
study reported on heavy metal-synthetic chelate equili­
bria in soils is by Sommers and Lindsay (1977) who re­
ported the equilibrium relationships of five synthetic 
chelating agents: CDTA, EDTA, EGTA, DTPA, and HEDTA
with Cd^ + , Pb^ + , and Ni^+ . Norvell and Lindsay (1972) 
reported that the equilibrium reaction between metal 
cation and the chelate depends on the solubility product 
of insoluble salt of metal ion, stability constant of 
metal-chelate complex, and other properties of metal ion 
and chelating agent.
c. Stability Diagrams
Metal-chelate stability diagrams provide both rela­
tive and absolute estimates of the effectiveness of the 
metal-chelate complexes. They provide a convenient way 
of representing and interpreting the metal-chelate equi­
libria in soil and nutrient solutions. The important 
consequences of many interdependent metal-chelate equi­
libria are understood from the metal-chelate stability 
diagrams.
The pH-stability diagrams were drawn for the most 
widely used metal-chelates in agriculture (Lindsay et al., 
1967; Halvorson and Lindsay, 1972; Norvell, 1972; Lindsay,
1974). The development of the stability-pH diagrams is
29
based upon the calculations involving formation con­
stants of the complexes and the compounds which control 
metal-chelate equilibria. The greatest limitation in 
these predicted stability diagrams is the uncertainty 
with which the formation constnats are known. Using the 
metal-chelate stability diagrams, Lindsay et al. (1967), 
Lindsay and Norvell (1969b), and Harvoson and Lindsay 
(1972) predicted the fraction of a chelating agent as­
sociated with various metal ions in soils and nutrient 
solution as influenced by pH. They considered the compe­
tition of Fe^+ , Mn^+ , Zn^+ , Ca^+ , Mg^+ , and H+ ions for 
chelation with CDTA, DTPA, EDTA, EDDHA, and HEDTA.
d. Behavior of DTPA in Soils 
Lindsay and Norvell (1969b) reported DTPA-mole- 
fraction diagrams in soil solution. When a DTPA che­
lating agent is added to soil, several metal ions com­
pete for complexation. Norvell and Lindsay (1972) re­
ported that, in acid soils, (in the pH range of 5.8 to
6.2) Fe competes more than any other element for com- 
plexing with DTPA to form highly stable FeDTPA chelates. 
In spite of high stability of FeDTPA, some DTPA loss was 
reported by Norvell and Lindsay (1972). They suggested 
this was due to adsorption of DTPA by soil particles.
The loss of DTPA was also accompanied by the loss of Fe
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from soil solution. They observed less Fe being che­
lated by DTPA at a pH of 6.8. This was because of de­
creased stability of FeDTPA complex with increasing pH 
(Lindsay and Norvell, 1969b; Norvell, 1972). The Zn and 
Cu appear to be occupying the vacant sites on the DTPA 
created by Fe displacement (Norvell and Lindsay, 1972). 
ZnDTPA and CuDTPA are reported to be very stable around 
neutral pH and unstable in acid and alkaline soils. Ad­
sorption and decomposition of DTPA were also reported to 
be contributing to the loss of ZnDTPA and CuDTPA in acid 
soils. Whereas in alkaline soils, the only important 
cause for losses of Cu and Zn from CuDTPA and ZnDTPA was 
the replacement of these metals by Ca. No serious loss 
of DTPA was reported from alkaline soils as compared to 
acid soils. Norvell and Lindsay (1972) reported that 
the DTPA could not successfully chelate soil Mn due to 
the reason that the solubility of soil Mn is so low that 
none of the generally used chelating agents are able to 
form stable Mn-chelates in soils (Norvell, 1972). Loss­
es by adsorption and/or decomposition of DTPA in soils 
was reported to be more serious for MnDTPA than for 
other DTPA-metal complexes.
e . Behavior of EDTA in Soils 
EDTA is being used as a chelating agent to supply
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micronutrient cations to several plants. To supply metal 
ions to plants, the EDTA must remain in soil solution to 
keep the micronutrients in soluble form by preventing 
the fixation reactions. When the EDTA chelating molecule 
is added to soils, it enters into several simultaneous 
metal-chelate equilibria. Also, it is reported to be ad­
sorbed on soil particles (Hill-Cottingham and Lloyd-Jones,
1958) like DTPA, resulting in the fixation of metal-EDTA 
molecule. This fixation appears to be rapid during the 
first few days.
Even though the adsorption and fixation of EDTA 
molecules on the soil exchange complex are partly re­
sponsible for the loss of EDTA from the soil solution, 
the separation of metal cation from the chelating agent 
appears to be the major cause for the decreased effec­
tiveness of EDTA as a micronutrient metal carrier 
(Norvell and Lindsay, 1969). As in the case of DTPA,
EDTA forms more stable complexes with Fe in acid soils.
The Fe dissolved from the soil tends to displace 
Zn, Cu, and Mn from EDTA (Perkins and Purvis, 1954;
Stewart and Leonard, 1957; Norvell and Lindsay, 1969) . 
Norvell and Lindsay (1969) also reported that the FeEDTA 
complex was moderately stable at pH 6.75 and unstable 
at pH 7.3 and 7.85. ZnEDTA and CuEDTA were most stable
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around neutral pH values ranging from 6.1 to 7.3 and un­
stable above a pH of 7.85, where they were displaced by 
Ca. Again like DTPA, the EDTA was found to form a very 
weak complex with Mn.
C . Behavior of Metal-Chelates with Plants
1. Metal-Chelate Uptake by Plants 
Two hypotheses were proposed by Tiffin et al. (1960) 
and Tiffin and Brown (1961) for the mechanism by which a 
plant root utilizes metal ion from the metal-chelate 
complex. The first theory states that the metal ion and 
the chelating agent are separated before the uptake of 
metal ion by the plant. Whereas the second theory states 
that the metal-chelate enters the plant root intact, and 
the metal ion is separated from the metal-chelate com­
plex when it is utilized by some plant enzyme systems.
The uptake of chelating agent or its decomposition 
product was demonstrated by several workers (Leonard 
and Stewart, 1953; Stewart and Leonard, 1954a; Holmes 
and Brown, 1955) using -^C-labelled metal-chelates. By 
using -^N-labelled chelate, Wallace et al. (1955b) re­
ported that the equivalent amount of Fe and the chelat­
ing agent were taken up by citrus plants.
Lindsay (1974) reported that, when the metal ion is 
absorbed at the root, the metal-chelate dissociates in
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an attempt to restore the equilibrium caused by the re­
moval of metal ion. The metal-chelates appear to buffer 
the metal ion next to the plant root and prevent that 
metal ion from dropping to low concentration levels. 
Recently, Halvorson and Lindsay (1977) proposed a hy­
pothesis stating that the chelating agents only facili­
tate the transport of metal ions to the absorbing root 
cells, but only the free metal ion is absorbed.
Tiffin et al. (1961) reported the differences in 
the quantities of Fe and chelating agent absorbed from 
the Fe-chelate by plant roots. They suggested an ab­
sorption mechanism which involves some absorption of the 
chelating agent, but a much greater absorption of Fe 
which was released from the Fe-chelate at the root sur­
face.
Plant varieties differ in their capacity to absorb 
metal-chelating agents because of inherent genetical 
differences (Brown et al., 1960; Tiffin et al., 1960; 
Brown et al., 1961a). Hill-Cottingham and Lloyd-Jones 
(1965) studied the absorption of Fe by plants from 
FeEDHPA (ethylene-diamine-bis-(ortho-hydroxyphenylacetic 
acid) and FeEDTA and the metabolism of EDTA in plants 
using -^C-labelled compounds. Their results show that 
Fe-deficient plants absorb Fe rapidly and preferentially,
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the absorption of the chelate itself is slower but con­
tinuous. They further reported that normal plants appear 
to be absorbing metal ion and chelating agent in equi- 
molar amounts.
The uptake of metal ions from the metal-chelate also 
depends upon the concentration of the free metal ion and 
other complexing ligands in soil solution (Brown et al., 
1961a; Brown, 1969) . DeKock and Mitchell (1957) reported 
that the residual charge on the metal-chelate complex 
and the type of metal-cation-chelate combination also 
influences the absorption of metal-chelates by plant 
roots. They observed that the NTA-chelate of a divalent 
metal ion is more readily absorbed by roots than is the 
EDTA chelate. Whereas with trivalent metal cations 
(Fe^+), the NTA and EDTA chelates were more readily ab­
sorbed than the DTPA chelate. It appears that those 
with no charge or only one electron are easily absorbed, 
but if the metal-chelate has two charges, it is not 
readily absorbed. There are also reports to suggest 
that some inert complexing agents may also be present 
in soil solution (Tobia and Hanna, 1961). The metal 
ions held by these very large molecular weight organic 
molecules have to be metabolized in order to be utilized 
by plants.
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2. Competition between Chelating Agents and 
Plant Roots
Plant roots react like chelating agents to compete 
for metal ions in the growth medium. This competing 
capacity of plant roots depends upon the molar concen­
tration of the chelating agent and the metal ions.
Brown et al. (1960) reported that the amount of iron 
absorbed by the plant root decreased as the molar con­
centration of the chelating agent was increased to ex-̂- 
ceed that of Fe. They further reported that the com­
peting effect of chelating agent was overcome by adding 
more Fe. The competition of chelating agents with plant 
roots sometimes is increased by the mass flow of water 
to the plant root, bringing chelating agents at a 
greater rate. This competing effect is enhanced further 
if the chelating agents are excluded from entering the 
plant root leading to the accumulation of free chelating 
agents in the root rhizosphere (Hodgson et al., 1966).
It appears that the chelating agents without the metal 
ions associated with them often compete more with the 
plant roots and the soil exchange complex for metal ions 
(Brown et al_. , I960, 1961a, 1961b).
The chelating agents also compete among themselves 
for metal cations. How successfully a chelating agent
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can compete with others depends upon their concentra­
tion, the stability constant of metal-chelate complex, 
pH of the medium and other factors. For example, Brown 
et al. (1960) reported that EDDHA added to a nutrient
solution containing FeEDTA or FeDTPA competed most suc­
cessfully for Fe at pH values above 6. The concentra­
tion of chelating agent affected the chelating capacity 
of EDDHA at pH 6.5. When the chelating agents and Fe 
were in equimolar concentrations, EDDHA competed suc­
cessfully with EDTA or DTPA. But with a further in­
crease in the concentration of EDTA or DTPA, these che­
lating agents competed successfully with EDDHA for Fe.
Besides plant roots, synthetic and natural chelat-
— 9 —xng agents, several inorganic anions such as HCO^, CO^ , ̂ 3
OH- , PO^- , S^- , SiO^- , and others compete for metal ions 
to form insoluble compounds.
3. Reactions of Metal-Chelates in Plants 
The synthetic metal-chelates used in plant nutri­
tion are relatively large molecular weight anions which 
apparently are easily absorbed by most plant roots and 
translocated to the shoot system. There are several 
reports to confirm that the Fe-chelates are absorbed by 
plant roots and then translocated to leaves without 
being dissociated (Wallace and North, 1953; Stewart and
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Leonard, 1954a). Eventhough the exact mechanism by
which the metal ion is released from the metal-chelate
in the leaf is not known, it is believed that sunlight
causes decomposition of metal-chelates (Hill-Cottingham,
1955). The released metal ion appears to be utilized
by some plant enzyme systems. The reduction of Fe^+ to 
2 +Fe within the Fe-chelate and its subsequent replace­
ment by other metal ions appear to be responsible for 
the release of Fe from the chelate in the plant system.
The metal-chelates appear to have some toxic ef­
fects in plants. A synthetic chelating agent may in­
hibit a metal-enzyme function if it is powerful enough 
to compete with the enzyme for the metal ion (Martell 
and Calvin, 1952) . Since plants lack efficient method 
of excreting foreign products, the chelating agents may 
accumulate in the plant. And moreover, the metabolism 
of polyamino-polycarboxylic acids appears to be very 
slow within the plant. Therefore, chelating agents may 
have profound effects on certain physiological processes 
of plants.
D. Uses of Metal-Chelates
The importance of soluble metal-chelates in soils 
is their capacity to increase the solubility of added 
and soil metal cations. As a result, the mobility of
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these metal cations is increased by both diffusion and 
convection. This increased solubility and mobility of 
the chelated metal ions have great effects on many as­
pects of soil chemistry and soil fertility. This in­
creased availability of metals may be undesirable be­
cause potentially toxic heavy metals and hazardous radio­
active nuclides may accumulate in plants.
Chelation of metal ions is also an important phe- 
nominon in soil formation, contributing to the weather­
ing of soil minerals and transport of metal ions. The 
increased solubilization and transport processes may 
contribute to the accumulation of toxic levels of metals 
in the soil and water environment. The chelating agents 
have been used widely in the diagnostic extractions for 
available and labile nutrients (Lindsay and Norvell,
1969a) and for the selective dissolution or fractiona­
tion of soil mineral phases. They also have been used 
for studying the solubility of mineral phases (Vleck 
et al., 1974), exchange reactions (Wallace and Lunt,
1956) , and many other aspects of chemistry of micronu­
trients and heavy metals.
Chelating agents play an important role in elimin­
ating the rate limiting steps of dissolution and diffusion 
which often limit the movement of micronutrient cations
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to plant roots in soils (Elgawhary, 1970a, 1970b). The 
chelating agents are known to transform insoluble micro­
nutrient cations held up in solid phases in soil to 
soluble metal-complexes. These metal-chelate complexes 
appear to increase the concentration gradient of the 
total diffusible metal ions such as Zn^+ (Hodgson et al., 
1967; Hodgson, 1968, 1969).
In the process of transport of metal ions by che­
lating agents the activity of metal ion in the immediate 
vicinity of the root is lowered. Metal-chelates next to 
the plant root dissociate to some extent to replenish 
the metal ion to the plant root. This results in the 
establishment of a diffusion gradient to transport more 
chelated metal to the root. Simultaneously the chelat­
ing molecule released at the soil-root interface es­
tablishes a diffusion gradient for the free ligand to 
move away from the root, where it can recomplex with 
metal cations from the soil. Besides the transport of 
metal ion from soil to plant root, the rate at which the 
metal ion is complexed with ligand molecules in the 
soil and the rate at which metal ion is dissociated 
from the metal-chelate complex are also important from 
the plant nutrition point of view.(Chaney et al., 1972).
The presence of other competing ions appears to
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reduce the contribution of chelating agents in the trans­
port of metal cations of interest. For example,
Elgawhary et al. (1970a) reported that the presence of 
ions such as Fe and Ca would displace some Zn from 
ZnEDTA and thereby reduce the contribution of the che­
lating agent to the diffusion of Zn^+ . This phenomenon 
is represented by the following equation:





A. Description of the System Used for Incubating Soil 
Suspensions under Controlled Redox Potential and pH 
Conditions
The system used in this study was the same as the 
system developed by Patrick et al. (1973) and Reddy et 
al. (1976) for controlling redox potential and pH in soil
suspensions. The apparatus used to control redox po­
tential and pH is shown in Figure 2. It consists of a 
desiccator lower part (Pyrex 4122 30, with 160-mm inner 
diam.), a plexiglass plate, magnetic stirrer and a stir­
ring bar (to keep the soil in suspension), pH meter 
(Beckman Zeromatic Model SS-3) with recorder output, 
meter relay (General Electric Model 196 with 100-0-100 y 
amp range), platinum electrodes and calomel-helf cell to 
monitor the redox potential, a combination pH electrode 
to monitor pH, and other associated equipment.
The soil and deionized water were placed in the 
containers and stirred with a magnetic stirrer. The 
desiccator top was covered with a plexiglass plate and 
sealed with black plastic rubber or black silicone
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Figure 2. Diagram showing the system used for^ 
controlling redox potential and pH in 
soil suspensions.
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rubber sealant. Two platinum electrodes, pH electrode, 
salt bridge, thermometer, serum cap, and glass tubings 
were fitted into the holes on the plexiglass plate. The 
outer surfaces of the desiccator lower part and plexi­
glass plate were painted with silver enamel paint to 
prevent exposure of the soil suspension to light. Ni­
trogen gas was bubbled continuously through the soil 
suspension at a low flow rate (about 15 to 25 cc/min) to 
remove oxygen and to promote anaerobic conditions in the 
suspension.
The reduction processes in the soil suspension 
caused the redox potential to decrease. When the de­
sired redox potential set on the meter relay was reached, 
the air pump was activated to pump air (oxygen) into the 
soil suspension to prevent the redox potential from 
falling below the set value. The flow rate of air was 
controlled in such a way that a minimum amount of air 
was pumped into the soil suspension. To control redox 
potential at very low values such as -100 and -200 mv, 
a low flow rate was used as compared to a relatively 
greater air flow rate at higher values such as +300 and 
+500 mv. The air pump was automatically reactivated 
when the redox potential fell below the set value. The 
redox potential was maintained within +5 mv of set value
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for relatively long periods of time (2 to 3 weeks). The
pH of the soil suspension was measured with a combina­
tion pH electrode and pH meter. The pH was controlled 
by adding either 1 N HCl or 1 N NaOH manually through 
the serum cap, whenever there was a change in pH from
the set value, and maintained to +0*0!5 of the set value.
The materials and methods of each of four experi­
ments are described under four separate headings.
B. Effect of Redox Potential on the Stability of CuDTPA, 
CuEDTA, ZnDTPA, and ZnEDTA in a Flooded Soil
Solutions of metal chelates of Zn and Cu added as 
ZnEDTA, ZnDTPA, CuEDTA, and CuDTPA were reacted with 
soil suspensions incubated at six different redox po­
tentials. All the soil suspensions were maintained at 
pH 7.
Stock solutions of ZnEDTA, ZnDTPA, CuEDTA, and 
CuDTPA were prepared by mixing equimolar quantities of 
reagent grade ZnSO^*7H20 and CuSO^’S^O, respectively, 
with disodium salt of EDTA and pentasodium salt of DTPA. 
In the case of ZnEDTA and CuEDTA tracer quantity of 
carbon-14 labelled EDTA was added to give 0.35 yCi/ml 
after making up the volume. These metal chelate stock 
solutions were adjusted to a pH value close to the pH 
of the soil suspension incubated under controlled redox
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potential-pH conditions. The stock solutions were 
finally diluted to give a concentration of 1.5 x 1 0“  ̂ m. 
The concentration of micronutrient metal ions in the 
stock solutions were verified by atomic absorption spec­
trophotometry .
1. Incubation of.Soil Suspensions under Controlled 
Redox Potential-pH Conditions
The soil used in this study was Crowley silt loam 
(Typic albaqualfs) collected from the Rice Experiment 
Station at Crowley, Louisiana. The soil was air dried, 
ground, and passed through an 8-mesh stainless steel 
sieve. Bulk quantity of the soil was thoroughly mixed 
with finely ground (40-mesh) rice straw on a roller for 
24 hours to give 0.4 percent organic matter (as an ener­
gy source for microbial activity) on oven dry soil basis. 
Six-hundred and twenty-five grams of the soil mixed with 
rice straw was placed in a 2.5-1 desiccator lower part 
(Figure 2) containing 1844 ml of glass-distilled deion­
ized water. The soil was kept in suspension by contin­
uous stirring with a stirring bar and magnetic stirrer. 
The redox potential and pH of the soil suspensions were 
controlled as described in Section A of Materials and 
Methods.
In this study, six of the systems were set up to
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incubate the soil suspensions at six different redox po­
tentials (-200, -100, 0, +100, +300, and +500 mv) values. 
The pH of all the six soil suspensions was controlled at 
7 by manually adding dilute NaOH solution.
After incubating the soil suspensions at six dif­
ferent redox potentials and at pH 7 for 7 days, 31 ml 
— 9of 1.5 x 10 M ZnEDTA solution was added to each of the 
six soil suspensions to give 2.45 x 10“  ̂ M on solution 
basis with a soil:water ratio of 1:3. The reaction pe­
riods following the addition of ZnEDTA were varied from 
2 to 192 hours. At the end of each reaction period 
duplicate samples of 40 ml soil suspension were with­
drawn from each container. The soil suspensions were 
transferred to glass centrifuge tubes fitted with serum 
caps and filled with oxygen-free nitrogen gas, centrifuged 
at 3,000 rpm (1086 g) for 20 min, and the supernatant so­
lutions were filtered anaerobically through 0.45-y mem­
brane filters. The filtrates were stored in an acidic 
medium to prevent the precipitation of metallic ions.
The filtrates were analyzed for Zn, Cu, Fe, Mn, Ca, and 
Mg by atomic absorption spectrophotometry. The concen­
trations of Zn, Cu, Fe, Mn, Ca, and Mg in solution be­
fore the addition of ZnEDTA were also determined. The 
carbon-14 remaining in solution was determined by liquid
47
scintillation spectrometry.
The experiment was repeated with ZnDTPA, CuEDTA, 
and CuDTPA. The results were expressed as the percent­
age of added metal ion that remained in solution. This 
percentage was calculated by dividing the concentration 
of metal ion in soil solution by the measured molar 
concentration of the stock solution and multiplying by 
100. The concentration of metal ions present in the 
soil solution before the addition of metal chelates was 
subtracted from the concentration of metal ions present 
at different reaction periods after the addition of 
chelates to determine the concentration of metal ions 
in solution after the addition of Zn or Cu chelates.
The activity of carbon-14 remaining in soil solution was 
also expressed as a percent of the added carbon-14.
C. Effect of Some Physicochemical Changes Brought about 
by Flooding on the Behavior of CuDTPA, CuEDTA, 
ZnDTPA, and ZnEDTA 
The soil used in this study is the same as used in 
the earlier study. The pH of the soil suspensions was 
not controlled but was monitored continuously with a 
combination glass electrode and pH meter. Whereas the 
redox potential of the soil suspensions was controlled 
at 15 different values starting from +500 mv to -200 mv.
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Metal chelates studied were CuDTPA, CuEDTA, ZnDTPA, 
and ZnEDTA. Stock solutions of these metal chelates 
were prepared by mixing equimolar quantities of the in­
organic salt of metal ion with the sodium salt of che­
lating agent. The detailed description of the procedure 
for preparing metal chelate solution was given in Section 
B of Materials and Methods. Enough quantity of CuDTPA 
was added to the suspension to give a Cu concentration 
of 763 PM on oven dry soil basis and a final soil:solu­
tion ratio of 1:3. After the addition of CuDTPA solu­
tion, the redox potential of the suspension was allowed 
to decrease stepwise at 50 mv intervals from +500 to 
-200 mv. After reaching the set potential, which usually 
required about 2 to 4 hours, the soil suspensions were 
maintained at each of the set potentials for 12 hours. 
Duplicate samples of 50 ml of soil suspension were with­
drawn without exposure to the air and transferred to cen­
trifuge tubes fitted with serum caps and purged with ni­
trogen. The soil .suspensions were centrifuged at 3,000 rpm 
(1086 g) for 15 minutes and filtered anaerobically through 
0.45-]4 membrane filters. The filtrates were stored in 
an acidic medium to prevent the precipitation of metal 
ions. The filtrates were analyzed for Cu, Zn, Fe, Mn,
Ca, and Mg by flame atomic absorption spectrophotometry.
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The experiment was repeated with CuEDTA, ZnDTPA, 
and ZnEDTA under similar conditions as that of CuDTPA.
In the case of ZnDTPA and ZnEDTA studies, the initial Zn 
concentration was 748 yM. In the fifth experiment, -Re­
labelled EDTA was used without metal ion. The concen­
tration of EDTA used was 763 yM on soil basis. The Re­
activity was 0.02 yCi/g of soil. The activity of R c  
in soil solution was determined with stepwise decrease 
of redox potential from +500 to -200 mv at 50 mv inter­
vals. The activity of R c  in soil solution was ex­
pressed as percent of added R c  that remained in solu­
tion. A detailed description of the system used in this 
study for controlling the redox potential and pH of the 
soil suspensions was reported by Patrick et al. (1973) 
and Reddy et al. (1976) and given in Section A of Ma­
terials and Methods.
Physicochemical changes considered in this study 
which could apparently influence the Cu and Zn chelate 
behavior were pH, Eh, Fe, Mn, Ca, and Mg. To determine 
which of these physicochemical parameters are governing 
the metal chelate stability, statistical analysis using 
maximum R-sguare improvement for dependent variable 
method was used.
50
D. Fixation of Cu and Zn Added as their DTPA and EDTA 
Complexes to a Flooded Soil under Varying Conditions 
of Redox Potential and pH 
Laboratory investigations were made to study the ex­
tent of fixation of Cu and Zn added as CuDTPA, CuEDTA, 
ZnDTPA, and ZnEDTA by flooded soil. The influence of 
the two most important soil physicochemical factors - 
redox potential and pH on the fixation of the Cu and Zn 
chelates was studied. The soil used in this study was 
the same as the one used in the earlier studies. Bulk 
quantity of the soil was mixed with enough rice straw to 
give 0.5 percent organic matter on air dry soil basis.
The soil has also been amended with 100 ppm N added as
(n h 4)2s o 4 .
Six hundred grams of this soil was taken in an in­
cubation flask (Figure 2) containing 1800 ml of distilled 
deionized water. The soil was kept in suspension by a 
stirring bar and magnetic stirrer. The soil suspensions 
were incubated under controlled redox potential and pH 
as described in earlier studies (Patrick et al., 1973; 
Reddy et al., 1976) for 2 weeks. The pH and redox po­
tential treatments studied were all combinations of four 
redox potentials (+450, +250, -50, and -150 mv) and four 
pH values (5, 6, 7, and 8). All the four metal chelates
51
used in the earlier studies were used in this study.
After incubating the soil suspensions for 14 days 
at controlled redox potential and pH, the soil suspen­
sions were reacted with Cu and Zn chelates. Duplicate 
samples of 35 ml soil suspensions were transferred to 
40-ml glass centrifuge tubes containing 1 ml of the metal- 
chelate solution. The centrifuge tubes were fitted with 
serum caps, and the air was replaced with oxygen-free 
nitrogen gas before transferring the soil suspensions.
The incubated soil suspensions were reacted with five 
different concentrations of each of the four metal- 
chelates studied. The concentrations of the metal- 
chelates were 0, 10, 20, 40, and 60 ppm on oven dry soil 
basis. The exact concentration was determined by di­
viding the yg of metal ion (Cu or Zn) present in 1 ml 
of the metal-chelate solution with oven dry weight of- 
soil present in the 40 ml of soil suspension.
The reaction was carried out for 6 hours by con­
tinuously shaking the soil suspensions and metal-chelate 
solutions in the centrifuge bottles on a shaker. At 
the end of the 6-hour reaction period, the soil suspen­
sions were centrifuged for 15 minutes at 3,000 rpm (10 86 
g). The supernatant solutions were filtered anaerobically 
through 0.45-y membrane filters. The filtrates were
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stored in acidic medium to prevent the removal of Cu and 
Zn from solution by precipitation reactions. The fil­
trates were analyzed for Cu and Zn by flame atomic ab­
sorption spectrophotometry. The amount of the metal ions 
(Cu and Zn) fixed by the soil under varying conditions 
of redox potential and pH were calculated by subtracting 
the equilibrium concentration of the metal ion in soil 
solution from the concentration of stock solutions added 
to soil suspensions. The results are expressed as yg of 
Cu or Zn fixed per gm of soil on oven dry basis. The 
results reported in this experiment are also the average 
of duplicate determinations.
E. Behavior of CuDTPA, CuEDTA, ZnDTPA, and ZnEDTA during 
the Oxidation of Reduced Soil System
An attempt was made in this investigation to de­
termine the extent of separation of the metal ion from 
the metal-chelate after its addition to soil kept under 
intense reduced conditions and the effect of oxidation 
of this reduced soil on the release of metal ion from 
the soil solid phase into soil solution and recomplexa- 
tion with the chelating agents. The metal-chelates used 
in this study were the same as in the earlier studies.
Duplicate samples of 300 gins of rice straw amended 
Crowley silt loam soil were incubated with 900 ml of
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distilled deionized water in 1000-ml widemouthed Erlen- 
meyer flasks. The flasks were sealed with rubber stop­
pers fitted with serum cap openings for platinum elec­
trodes, calomel half cell, and pH electrode. The air 
atmosphere in the flasks was purged with oxygen-free N2 
gas to create anaerobic atmosphere. The suspensions 
were incubated for 2 weeks at 30° C. The disappearance 
of oxygen due to flooding creates a great need for elec­
tron acceptors by facultative and obligate anaerobic 
microorganisms which results in the reduction of several 
oxidized soil components. In the presence of energy 
source (rice straw) microbes utilize several of the oxi­
dized soil components and reduce them to more negative 
valence states.
After allowing the reduction processes to take 
place for 2 weeks, 20 ml of 690 ppm CuDTPA metal-chelate 
stock solution was added to incubation flasks to give 
46 ppm of Cu on oven dry soil basis, and the soils were 
kept in suspension by a stirring bar and magnetic stir­
rer. After reacting the metal-chelate solutions with 
reduced soil suspensions for 1 hour, 40 ml of the soil 
suspension was withdrawn and transferred anaerobically 
to centrifuge tubes fitted with serum caps and purged 
with N2 gas. The suspensions were centrifuged for 15
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minutes at 3,000 rpm (1086 g), and the supernatant solu­
tions were filtered anaerobically through 0.45-p membrane 
filter paper. The filtrates were stored in acidic medium 
and analyzed later for Cu, Zn, Fe, and Mn by flame atomic 
absorption spectrophotometry. Then the reduced soil sus­
pensions were exposed to air and sampled periodically.
The redox potential was monitored at the time of sam­
pling. Only the initial pH of the suspensions was 
measured.
The experiments were repeated under identical con­
ditions using CuEDTA, ZnDTPA, and ZnEDTA. The percent 
of Cu and Zn that were recomplexed with DTPA and EDTA 
as influenced by oxidation of the soil system were cal­
culated.
RESULTS AND DISCUSSION
A. Stability of CuDTPA, CuEDTA, ZnDTPA, and ZnEDTA
as Influenced by Redox Potential
The pH of flooded soils is normally buffered around 
neutrality (Ponnamperuma, 1972), and both acid and alka­
line soils tend to change their pH towards neutrality 
after flooding. For this reason, the stabilities of 
Zn and Cu chelates were studied at pH 7. Redox potential 
had a very significant effect on the stability of ZnEDTA 
(Figure 3), ZnDTPA (Figure 4), CuEDTA (Figure 5), and 
CuDTPA (Figure 6). The stability of all four metal- 
chelates decreased with decreasing redox potential from 
+500 mv to -200 mv. This may be explained by the wide 
changes in physicochemical properties of the soils with 
the decreasing redox potential. With the depletion of 
dissolved oxygen, microbes utilize several inorganic 
ions such as ferric-iron, manganic-manganese, and 
sulfate-sulfur, as electron acceptors and reduce them to 
ferrous-iron, manganous-manganese, and sulfide-sulfur. 
Concentration of these reduced species increases with 
decreasing redox potential.
The initial decrease in the concentration of added 


























Figure 3. Effect of redox potential on the 
stability of ZnEDTA (expressed as 
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Figure 4. Effect of redox potential on the 
stability of ZnDTPA (expressed as 


























Figure 5. Effect of redox potential on the 
stability of CuEDTA (expressed as 














Figure 6. Effect of redox potential on the 
stability of CuDTPA (expressed as 
percent of added Cu as CuDTPA that 
remained in solution).
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adsorption of part of the metal-chelate complex on the 
soil exchange complex (Hill-Cottingham and Lloyd-Jones, 
1958). This is particularly true at higher redox po­
tentials such as +500, +300, and +100 mv. At lower 
redox potentials chemical fixation of added Zn and Cu 
was probably more important. At -200 mv about 75 per­
cent of Zn added as ZnEDTA and 80 percent added as ZnDTPA 
was removed from the soil solution within 2 hours; 
whereas almost all of the Cu added as both CuEDTA and 
CuDTPA was removed during the same time.
At low redox potentials sulfide probably plays a
dominant role in causing the removal of Zn and Cu from
the soil solution. Sulfate reducing bacteria utilize
SO^ ions as electron acceptors, resulting in the forma-
+2 +2tion of sulfide ions, which can precipitate Fe , Mn ,
+2 +2Cu , Zn , and other heavy metal ions to form insoluble 
metal sulfides. The excess free sulfide may combine 
with hydrogen ions to form which will be in equi­
librium with aqueous H^S. Some I^S was liberated from 
the soil suspensions incubated at -2 00 and -100 mv.
Under these intense reduced soil conditions the sulfide 
ions seem to be capturing Zn and Cu from their metal- 
chelate complexes, resulting in the precipitation of 
added Zn and Cu as insoluble ZnS and CuS. This is also
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being supported by the formation constants of Zn and Cu 
sulfides (Table 2). These findings are in agreement 
with the suggestion of Kittrick (1976), who predicted 
from thermodynamic data that even trace amounts of aque­
ous H 2 S, which could be difficult to detect by analyti­
cal methods, could cause the precipitation of Zn as very 
insoluble ZnS. Based on similar type of thermodynamic 
equations developed for Zn by Kittrick (1976), it can 
be predicted that CuS is causing the instability of 
CuEDTA and CuDTPA under intense reduced soil conditions. 
Some other factors besides sulfide might have been re­
sponsible for the removal of Zn and Cu from soil solu­
tion. Connell and Patrick (1968) , also using a Crowley 
silt loam soil in their study, reported that maximum 
sulfide formation occurred around a neutral soil pH 
with little or no sulfide accumulating outside the pH 
range of 6.5 to 8.5. They also reported maximum sulfide 
formation with decreasing redox potential from -.100 mv 
and lower.
Tables 3 and 4 show the concentration of metal ions 
present in soil solution (expressed oh oven dry soil 
basis) after the addition of ZnDTPA and CuDTPA, respec­
tively. More or less similar trends were observed with 
ZnEDTA and CuEDTA.
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Table 3. Concentration of some metal ions (yg/g of soil) 
in soil solution after the addition of ZnDTPA
Reaction Redox Potential (mv)
(hours) -200 -100 0 +100 + 300 + 500
Fe 18.54 2.73 2.27 2.00 1. 82 1. 55
Mn 13.06 2.81 1.57 1.15 0.82 0.21u Ca 28.43 6.12 3.62 3.18 3. 56 2. 94
Mg 9.21 3.14 1. 09 2.13 1.28 1.26
Fe 61. 82 24. 00 20.36 17.27 6.91 5. 09
Mn 17.81 9.71 8.25 7.20 2.86 0.19z Ca 33.60 11.37 6.50 5.12 4.25 3. 62
Mg 10.84 6. 88 5.08 2.87 2.72 1. 68
Fe 63.64 29.27 23. 82 20.20 8. 87 8. 91
Mn 18.75 9. 71 8.40 7.73 2.39 0.196 Ca 35.25 14.12 8.75 5.25 5. 00 4. 75
Mg 13. 06 9.28 9. 04 3.11 2.00 3. 84
Fe 61. 82 49.56 27.27 18.55 11. 64 11.45
12 Mn 18.28 9. 08 6.19 5.16 2. 02 0.23Ca 33. 60 14.12 8. 62 6.37 4. 87 2. 87
Mg 11.92 9.52 7.00 3.71 2.72 1.20
Fe 63.64 53. 01 22.55 19.09 17.45 16. 00
24 Mn 18.28 10.50 6. 90 5.39 2. 06 0.28Ca 36.30 16. 75 10.37 6.25 5. 00 3. 50
Mg 13.12 11.56 7.72 4.07 1. 76 1.20
Fe 65. 66 50.31 27.45 20.52 19.70 16. 83
Mn 19.14 10.20 7.50 5.69 2.17 0.2148 Ca 38.51 15. 37 9.37 6.25 3.50 4.25.
Mg 14.56 10. 72 6.76 3.71 1.76 1. 32
Fe 65. 66 51. 67 19. 97 18.47 18.26 15.80
Mn 20.17 8. 74 6.90 5.17 3.00 0.1696 Ca 42.90 13.16 7. 81 5.21 3. 97 3.56
Mg 18.70 8. 32 7.24 4.31 1. 88 1.20
Fe 77.98 52.41 21.55 20. 52 19. 70 16. 01
144 Mn 23.28 8.44 6.49 5.12 4.34 0.16Ca 67.16 14.12 8.09 5. 76 2. 33 3. 02
Mg 22. 72 8.32 5.56 3.20 1. 01 0. 54
Fe 69.77 48.81 21.14 19.29 18.47 17.65
Mn 20.69 8.25 6.00 5.17 4. 97 0.21192 Ca 58.92 13. 30 7.81 6.44 5. 07 4.80
Mg 19.18 6.40 6. 88 2.63 1.61 1.14
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Table 4. Concentration of some metal ions (yg/g of soil) 
in soil solution after the addition of CuDTPA.
' d ; “ Redox Potential (mv)period -------------------------------------------------
(hours) -200 -100 0 +100 +300 +500
Fe 5.18 3.24
0 Mn 6.09 1.54Ca 12.68 3.68
Mg 15.20 3.32
Fe 41.10 13.11
Mn 13.07 11. 962 Ca 18. 68 8.13
Mg 22.50 8.29
Fe 48.00 13.27
Mn 12.86 9.006 Ca 18.87 6.97
Mg 26.45 9. 08
Fe 54. 60 13.43
12 Mn 13.97 10.71Ca 22.35 6.39
Mg 30.39 6.32
Fe 54.60 23. 78
24 Mn 13.89 13.07Ca 22.45 10.45
Mg 35.13 13. 82
Fe 52.81 30. 81
48 Mn 13.47 12.04Ca 21.68 9.19
Mg 33. 75 17.61
Fe 61.50 32.39
96 Mn 18.57 8.87Ca 30.48 12. 87
Mg 14.80 16.71
Fe 76.28 31.69









3.40 2. 75 2.59 2. 43
0.86 0.43 0. 09 0.04
1.84 3.87 2. 71 1.55
1.28 2.53 1. 84 1.56
4.85 4.21 3.07 2. 91
7.50 0. 86 0.13 0.13
5.03 5.52 4. 06 3.58
2.76 8.68 5. 92 5.53
12.13 6.31 4. 85 5.18
7.24 0.90 0.13 0.13
3.87 7.65 3.48 4.35
4.74 11.45 5.53 4.74
11.00 5.99 5.50 5.34
7.20 1.29 0.13 0.21
2.81 5.71 3.29 3. 68
4.74 8.29 4.74 4. 74
14.72 11.16 9.55 7. 60
8.57 1.37 0.43 0.13
4.26 7.84 4. 94 4.16
6.32 12.24 4.34 5.13
14.96 12.32 10.21 8.10
8.23 1.29 0.17 0.26
3.77 6.77 4.94 4.94
8.29 14. 61 10.26 12. 63
14.79 12.15 9.15 8. 98
6.64 0. 86 0.21 0.13
3.97 5. 81 4. 35 5.23
8.29 14.61 10.26 11. 84
14.79 11.79 8. 63 8.45
6.87 1.08 0.13 0.13
4.06 7.55 3. 97 3.97
9.08 19.34 9. 87 10.66
15.67 13. 91 10. 56 9. 86
6.43 0.86 0.47 0.13
5.52 6.58 3. 87 4.35
9.47 16.58 9. 87 13.03
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49Ferrous iron and Mn A released into soil solution 
from reduction of insoluble ferric and manganic oxyhy- 
droxides at low redox potentials may be playing a sig­
nificant role in determining the stability of Zn and Cu 
chelates. The large amounts of these metal ions released 
into soil solution may be competing with Zn and Cu, re­
sulting in their displacement from their metal-chelate 
complexes. The increased concentration of metal ions
4 9  4 - 9such as Fe and Mn in soil solution after the addi­
tion of Zn and Cu chelates indicates that Fe+  ̂ and Mn+  ̂
are being displaced from the soil exchange complex.
These displaced metal ions form stable complexes with 
EDTA and DTPA ligand molecules, since their formation 
constants are greater than that of Zn and Cu chelate 
complexes.
To determine whether the decreasing stability of Zn 
and Cu chelates in soil solution with decreasing redox 
potential was due to chemical fixation or due to physi­
cal adsorption/microbial decomposition of the metal- 
chelate complex, carbon-14 labelled ZnEDTA and CuEDTA 
were used. Tables 5 and 6 show the activity of carbon- 
14 remaining in the soil solution with time after the 
addition of carbon-14 labelled ZnEDTA and CuEDTA, re­
spectively. It can be seen that redox potential has
Table 5. Effect of redox potential on the activity of carbon-14 (added as 
carbon-14 labelled ZnEDTA) remaining in soil solution ( e x p r e s s e d  




Redox Potential (mv) Mean
standard
deviation-200 -100 0 +100 +300 +500
2 99.67 100.00 100.00 98.37 99.55 99.93 99.59
+0.62
6 84.02 87.33 84.26 84.51 80.58 81.88 83.76
+2.34
12 82.34 81.88 77.58 79.08 81.55 76.23 79.78
+2.53
24 81.43 77.28 76.63 78.57 78.41 78.92 78.54
+1.66
48 77.58 77.53 75.38 77.02 76.95 77.07 76.92
+0.80
96 77.19 72.05 66.80 74.43 74.62 70.88 72.66
+3.62
144 77.35 62.37 61.82 62.83 70.67 64.29 66.56
+6.20
192 75.93 58.60 60.78 65.68 69.74 70.55 66.88
+6.49
ui
Table 6. Effect of redox potential on the activity of carbon-14 (added as 
carbon-14 labelled CuEDTA) remaining in soil solution (expressed 




Redox Potential (mv) Meanstandard
-200 -100 0 +100 +300 +500 deviation
2 99,52 98,58 99.78 99.70 99.89 99.98 99.58 
+ 0.51
6 100.00 98.74 100.00 96.05 98.75 95.77 98.22
+1.88
12 96.50 96.52 98.00 95.53 92.75 93.73 95.50
+1.95
24 87.00 90.70 90.76 90.47 87.60 93.34 89.97
+2.33
48 88. 00 86.39 87.18 84.70 84.68 85.85 86.13
+1.33
96 83.70 84.05 84.20 85.82 85.27 80.62 83.96
+1.82
144 78.88 78.50 79.49 84.19 84. 06 80.26 80.90
+2.57





no significant effect on the carbon-14 and consequently 
the chelate remaining in soil solution. From this data 
we can conclude that the decreasing stability of Zn and 
Cu chelates with decreasing redox potential was mainly 
due to chemical fixation of Zn and Cu. Even though Zn 
and Cu chelates were comparatively more stable at higher 
redox potentials, the added Zn and Cu remaining in soil 
solution decreased slowly with time. This may have been 
due to microbial decomposition of the chelate (Hill- 
Cottingham and Lloyd-Jones, 1965), releasing Zn and Cu 
into soil solution where precipitation as hydroxide 
might have occurred (Lahav and Hochberg, 1975a, 1975b, 
1976).
B. Effect of Some Physicochemical Changes on the 
Behavior of CuDTPA, CuEDTA, ZnDTPA, and ZnEDTA 
The behavior of CuDTPA in flooded soil with changes 
in the concentration of several metal ions and pH is 
shown in Figure 7. The initial pH of the suspension 
was 5.80, which slowly increased to 7.10 with time and 
decreasing redox potential from +500 to -2 00 mv. The pH 
of acid and alkaline soils changes towards neutrality 
after flooding (Ponnamperuma, 1972). There was immedi­
ate removal of Cu from CuDTPA complex at pH 5.80. About 
































Figure 7. Changes in pH and concentration of metal
ions with decreasing redox potential after 
the addition of 76 3 yM of CuDTPA.
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solution incubated at +500 mv. This rapid removal of 
Cu may be due to low pH. The stability of CuDTPA com­
plex was reported to be low at low pH value, with sta­
bility increasing with increase in pH towards neutrality. 
Several metal ions were found to compete for complex 
formation with DTPA (Lindsay et al. , 1967; Lindsay and 
Norvell, 1969b; Norvell and Lindsay, 1972) . At low pH 
values, Fe and Mn were found to compete for complex 
formation with DTPA. Around neutral pH values, Zn and 
Cu were found to form complexes with DTPA by displacing 
Fe and Mn. At still higher pH values, Zn and Cu were 
apparently displaced by Ca and Mg. As we can see in 
Figure 7, there was a rapid rise in the concentration 
of Fe in soil solution immediately after the addition 
of CuDTPA. The DTPA seems to be pulling away Fe from 
the soil exchange complex, resulting in the formation 
of FeDTPA complex. Generally we do not expect such a 
high concentration of Fe in soil solution at higher 
redox potential such as +500 mv in the absence of che­
lating agents. Reaction of the type given below may be 
responsible for the removal of Cu from CuDTPA in solu­
tion at higher redox potentials.
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(soil exchange complex) Fe + CuDTPA ^-- -
FeDTPA + Cu (Soil exchange complex)
As the pH gradually increased from 5.80 to 6.50, there 
was a slight increase in Cu concentration in soil solu­
tion with a corresponding slight decrease in Fe concen­
tration. This shows that initially displaced. Cu was re- 
complexing with DTPA. This was because of greater sta­
bility of CuDTPA than FeDTPA around neutral pH value 
(Norvell and Lindsay, 1972).
There was a rapid increase in the concentration of 
Cu and Mn and rapid decrease in the concentration of Fe 
with increase in pH from 6.50 to 6.65 and decreasing 
redox potential from +250 to +200 mv. The reduction of 
Mn^+ to Mn2+ takes place around this redox potential 
(Gotoh and Patrick, 1972). Manganese released into soil 
solution due to the reduction of Mn-oxyhydroxides, may 
be forming complexes with DTPA. These processes are 
explained by the following reactions.
Insoluble Mn-oxyhydroxides ^ = = = = = ^ M n ^ + (solution)
oxidation
Mn2+ + CuDTPA  MnDTPA + Cu2+
(solution) (solution) (solution)
The Cu2+ displaced from CuDTPA seems to be removed from
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solution by soil exchange complex and/or by precipitation 
reactions. With further decrease in redox potential 
from + 2 0 0 to - 2 0 0 mv, there was a rapid decrease in the 
concentration of Cu in soil solution. This may be due 
to the decreasing redox potential which caused several 
chemical changes to occur, of which change in Fe-system 
was striking. Greater quantity of Fe was released into 
soil solution due to the reduction of insoluble Fe- 
oxyhydroxides (Gotoh and Patrick, 1974). Reduction of
o_l 9 *4-Fe to Fe starts around a redox potential of +100 mv. 
Mass release of Fe into soil solution may be causing the 
displacement of Cu from CuDTPA complex. The chemical 
changes taking place in flooded soils from a redox po­
tential of + 1 0 0 mv and below can be explained by the 
following reactions.
reduction
Insoluble Fe-oxyhydroxides — Fe (solution)
oxidation
Fe^+ (solution) + CuDTPA^==^FeDTPA (solution) + Cu^+
The Cu^+ is removed from solution by adsorption and/or 
by precipitation reactions. Since large amounts of iron 
can undergo reduction, usually exceeding the total 
amount of other redox elements by a factor of 10 or 
more, the chemistry of flooded soils seems to be
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dominated more by Fe than any other redox element.
Figure 8 shows changes in the concentration of Ca 
and Mg with decreasing redox potential after the addi­
tion of CuDTPA. There was no significant increase in 
the concentration of Ca and Mg in soil solution immedi­
ately after the addition of CuDTPA. But there was a 
gradual increase in the concentration of Ca and Mg with 
decreasing redox potential due to the solubilization of 
Ca and Mg compounds. Even though there are several re­
ports showing that Ca and Mg do not compete much for 
complexation with DTPA in the pH range encountered here, 
they may be partly responsible for the instability of 
CuDTPA. Statistical analysis using maximum R-sguare 
improvement method showed that Fe, Mn, Mg, and pH mainly 
governed the behavior of CuDTPA. Equation to predict the 
stability of CuDTPA is given as:
CuDTPA = -280.222 + 118.536 pH - 0.727 Fe 
-1.451 Mn + 0.600 Mg 
R2 = 0.973**
Figure 9 shows the changes in pH and concentration 
of Cu, Fe, and Mn with decreasing redox potential after 
the addition of 763 yM of CuEDTA. The CuEDTA complex 





























Figure 8. Changes in the concentration of Ca and
Mg with decreasing redox potential after
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Redox Potential (mv)
Figure 9. Changes in pH and concentration of metal
ions with decreasing redox potential after
the addition of 763 yM of CuEDTA.
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initial pH of the soil suspension was 5.80, which in­
creased to 6.50 when the redox potential decreased to 
+250 mv. After that, pH remained constant until an Eh 
value of -50 mv and finally increased to 6.80. Nearly 
102 yM of Cu was lost from CuEDTA complex immediately 
after the addition of CuEDTA at +500 mv. But the loss 
was much lower than that observed in the case of CuDTPA. 
Like CuDTPA, this initial loss might be attributed to 
low pH. There was a gradual removal of Cu from CuEDTA 
as the redox potential was decreased from +500 to -200 
mv. Unlike CuDTPA where part of displaced Cu was re- 
complexed with DTPA, in the case of CuEDTA, once Cu is 
lost from CuEDTA, it was not recomplexed with EDTA. 
Manganese seemed to be competing more than Fe for com- 
plexation with EDTA at higher redox potential. Although 
there was a slight increase in the concentration of Fe, 
no significant amount of Fe was released into solution 
until about + 1 0 0 mv; the redox potential value around 
which reduction of ferric iron to ferrous iron starts.
At a redox potential value of +500 mv, more Mn was 
removed from soil exchange complex which occupied vacant 
sites on EDTA created by Cu displacement. This also 
shows EDTA was slightly more affinity to Mn than Fe. In 
the redox potential range +500 to +100 mv, Mn seems to
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be competing more than Fe for complexation with EDTA as 
we can see in Figure 9. Besides stronger affinity of 
EDTA to Mn, the Mn^+ reduction process which precedes 
Fe2+ reduction (Turner and Patrick, 1968) was also re-
p _Lsponsible for greater Mn complexation with EDTA in 
this redox potential range. Again from +100 mv and be-
pilow, there was a large increase m  Fe^ in solution due 
to reduction processes resulting in the formation of 
FeEDTA complex. There was a great increase in concen­
tration of Mg in soil solution as compared to Ca im­
mediately after the addition of 763 yM CuEDTA (Figure 
10). This indicates that Mg and to some extent Ca are 
also occupying some of the vacant sites on EDTA created 
by removal of Cu from CuEDTA. The equation formulated 
using maximum improvement method to predict the sta­
bility of CuEDTA is given as:
CuEDTA = -1170.924 + 0.680 Eh + 212.95 pH 
- 0.629 Fe - 0.570 Ca + 0.692 Mg 
R2 = 0.992**
Figure 11 shows the changes in pH and concentration 
of metal ions after the addition of 748 yM of ZnDTPA 
and with decreasing redox potential. About 537 yM of 
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Figure 10. Changes in the concentration of Ca and
Mg with decreasing redox potential after



































Figure 11. Changes in pH and concentration of metal
ions with decreasing redox potential after
the addition of 74 8 yM of ZnDTPA.
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a corresponding release of 4 06 yM of Fe into soil solu­
tion. Iron seems to be occupying some complexing sites 
on DTPA, created by Zn displacement. This is in agree­
ment with Norvell and Lindsay (1972) and others who re­
ported that DTPA was very effective in keeping Fe in 
solution at lower pH values. The stability of ZnDTPA 
increased with increase in pH from 5.80 to 6.70 and a 
decrease in redox potential. In the same redox poten­
tial range, there was a rapid decrease in Fe concentra­
tion in soil solution due to decreased stability of 
FeDTPA complex because of increasing pH. Some of the 
initially displaced Zn from ZnDTPA at lower pH values 
seems to get fixed in the soil. This can be seen from 
Figure 11 that only 53 percent of added Zn remained in 
solution in spite of pH increase from 5.80 to 6.70, the 
pH value around which Zn and Cu chelates are stable.
The stability of ZnDTPA further decreased with a de­
crease in redox potential from + 2 0 0 to - 2 0 0 mv even 
though soil pH remained constant at 6 . 8 6 which later 
increased to 7.15. Here redox potential seems to be 
playing a dominant role in governing the behavior of 
ZnDTPA.
There was a sharp increase in Mn concentration in 
soil solution because of solubilization of insoluble
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manganic compounds by microbial reduction processes with 
a decrease in redox potential from +250 to +150. Man­
ganese reduction was followed by Fe reduction around a 
redox potential of + 1 0 0 mv resulting in a greater re­
lease of Fe into soil solution which may be partly re­
sponsible for rapid decrease in stability of ZnDTPA from 
+50 to -200 mv. The general behavior of both CuDTPA and 
ZnDTPA was similar as we can see from Figures 7 and 11. 
Also, Fe and Mn behaved more or less similarly in soil 
suspensions to which CuDTPA and ZnDTPA were added. 
Slightly greater Fe and Mn were brought into solution 
to which ZnDTPA was added. This may be due to lesser 
stability of ZnDTPA as compared to CuDTPA which resulted 
in greater displacement of Zn from ZnDTPA and occupation 
of more chelating sites on DTPA by Fe.
Figure 12 shows the changes in concentration of Ca 
and Mg in soil solution after the addition of 748 yM of 
ZnDTPA and with decreasing redox potential. There was 
no significant increase in Ca and Mg concentration up 
to a redox potential of +100 mv. Thereafter their con­
centration rapidly increased. Statistical analysis 
showed that Ca and Mg were not correlated with changes 
in Zn concentration. The following equation shows that 





























Figure 12. Changes in the concentration of Ca and
Mg with decreasing redox potential after
the addition of 74 8 yM of ZnDTPA.
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behavior in submerged soil.
ZnDTPA = 436.814 - 0.555 Fe 
R2 = 0.883**
The behavior of ZnEDTA with changes in pH and redox 
potential, and the changes in Fe and Mn systems are 
shown in Figure 13. The ZnEDTA seems to be behaving 
similarly like that of CuEDTA. Nearly 170 yM Zn out of 
748 yM of added ZnEDTA was removed from the soil solu­
tion at +500 mv. Zinc concentration remained more or 
less constant until a redox potential of +300 mv. 
Thereafter there was a gradual removal of Zn from ZnEDTA 
with decreasing redox potential from +300 to -2 00 mv.
As the Zn was displaced from ZnEDTA, Mn brought into 
solution by reduction processes seems to be occupying 
complexing sites on EDTA until a redox potential of about 
+50 mv. At still lower redox potential values, Fe re­
leased into soil solution by microbial reduction pro­
cesses seems to be displacing Mn from EDTA. Changes in 
Ca and Mg concentration (Figure 14) with decreasing 
redox potential after the addition of 74 8 yM of ZnEDTA 
were similar to that observed in soil suspensions to 
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Figure 13, Changes in pH and concentration of metalions with decreasing redox potential after






























Fggure 14. Changes in the concentration of Ca and
Mg with decreasing redox potential after
the addition of 748 yM of ZnEDTA.
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predicted by the equation:
ZnEDTA = -1716.530 + 1.355 Eh + 284.339 pH 
R2 = 0.974**
Carbon-14 labelled EDTA was used to determine whe 
whether chemical or microbial decomposition and physi­
cal adsorption of the chelate molecule are influencing 
the stability of metal chelate molecule. Figure 15 
shows the activity of in soil suspension with de­
creasing redox potential from +500 to -200 mv. Even 
though there was slight decrease in activity with
decreasing redox potential, the decreasing stability 
of metal-chelates was apparently not due to chemical 
or microbial decomposition.
The behavior of all four metal chelates studied 
were found to be similar from about +200 mv to -200 mv. 
Whereas in the redox potential range of +2 00 to +500 
mv, CuDTPA and ZnDTPA behaved differently from CuEDTA 
and ZnEDTA. In the same redox potential range, CuDTPA 
and ZnDTPA behaved similarly, whereas CuEDTA and ZnEDTA 
behaved more or less similarly. From a redox potential 
value of about +200 to -200 mv, the behavior of all 
four metal-chelates was nearly the same. At any redox 
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Figure 15. Changes in the activity of Carbon-14 
(added as 14c labelled EDTA) in soil 




DTPA and EDTA than Zn. This was probably due to the 
greater stability of Cu-chelate complexes because of
oj. o 4.small ionic radius of Cu^T as compared to Z n .  It 
seems the effect of redox potential on all four metal 
chelates was of an indirect nature. It influenced Cu 
and Zn chelate behavior by bringing about changes in 
several physicochemical properties of flooded soils.
C. Fixation of Cu and Zn added as CuDTPA, CuEDTA/
ZnDTPA, and ZnEDTA in a Flooded Soil as Influenced 
by Redox Potential and pH 
Fixation here refers to sum of all the processes 
responsible for the removal of metal ions from soil so­
lution. These include the adsorption of metal-chelate 
complex on soil particles and the chemical reaction 
causing the separation of metal ion from the metal- 
chelate complex and its eventual precipitation as in­
soluble solid phase, or adsorption by soil exchange 
complex. Table 7 shows the effect of redox potential 
and pH on the fixation of Cu added as CuDTPA to a 
flooded soil. Fixation of Cu occurred at all redox po­
tential and pH values studied. Also, fixation took 
place at all the concentrations of CuDTPA used in this 
study. The relative fixation of Cu generally decreased 
with the increasing amounts of CuDTPA added. As we can
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Table 7. Fixation of added CuDTPA in a flooded soil as 
influenced by redox potential and pH.
Initial conc. 
Eh of CuDTPA in 
(mv) soil solutior 
(yg/g soil)
% Removal of■s added CuDTPA
pH 5 pH 6 pH 7 pH 8
10 87.15 30.53 14.09 18. 78
+450 20 28.97 22.26 8.40 8.1740 48.45 21. 07 9.01 10.69
60 36.08 16.27 9.73 13.00
10 95.40 50.25 18.46 18.73
+250 20 89.10 39.62 16.47 12.1740 89.42 30.19 14.63 11.40
60 58.46 24.93 14.37 11. 85
10 97.69 51. 66 82.84 68.81
+50 20 92.11 44.99 67.27 58.5540 80.67 30.47 50. 31 45.47
60 79.32 24.44 41.28 39.51
10 97.69 99.21 96.59 81.33
-150 20 95.22 99.60 96.58 89.6740 80.01 99.80 87.09 94.98
60 67.91 99.87 73. 68 96.92
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see in Table 7, the percent removal of Cu from soil so­
lution generally decreased with increasing amounts of 
CuDTPA at all Eh-pH combinations. Generally fixation 
decreased with increase in pH from 5 to 8 and a decrease 
in redox potential from +450 to -150 mv.
At low pH values CuDTPA was reported to be very un­
stable due to the competition of Fe for complexation.
The greater fixation occurring at this low pH and high 
redox potential values appear to be due to the separa­
tion of Cu from CuDTPA by Fe and subsequent removal of 
Cu from soil solution due to adsorption on soil exchange 
complex. As we can see in soil suspension to which 10 
ppm CuDTPA was added and incubated at +450 mv and pH 5, 
more than 87 percent of added Cu was removed from soil 
solution. The removal of Cu decreased from 87 per­
cent to 14 percent with an increase in pH from 5 to 
6 . This was due to decreasing competing effect of Fe 
at high pH values where it appears to get precipitated 
as insoluble Fe-hydroxide. The lower amount of CuDTPA 
fixation occurred in soil suspensions which were incu­
bated at an Eh value of +450 mv and a pH of 7. The 
lower amount of fixation of Cu occurring here may be 
only due to adsorption of part of added whole CuDTPA 
molecule on the soil exchange complex.
The decreased fixation of CuDTPA with increasing pH 
was not distinct at lower redox potentials such as -150 
mv and +50 mv. Under intense reduced soil conditions, 
the effect of pH on the fixation of CuDTPA appears to 
be masked by the lower redox potential values. As we 
can see in Table 7, nearly all of the added Cu was re­
moved from solution in soil suspensions incubated at 
-150 mv. This was the case at all pH values. As men­
tioned in Materials and Methods (Section D), the soil 
was amended with 114 ppm S added as (N^^SO^. The fix­
ation occurring at this low redox potential values may 
be by means of chemical reaction involving the separa­
tion of Cu from DTPA and its subsequent precipitation 
as insoluble Cu-sulfide. Again at -150 mv, the greatest 
amount of Cu was fixed at pH 6. This is in agreement 
with Connell and Patrick (1968) who reported maximum 
sulfide formation between pH values of 6 and 7. Be­
sides sulfides, some other factors such as high concen­
tration metal ions such as Fe^+ and Mn^+ may be causing 
the displacement of Cu from CuDTPA. The stability of a 
particular metal-chelate in soil solution also depends 
upon the concentration of other metal ions (Brown et al., 
1961; Lindsay and Norvell, 1969; Lahav and Hochberg, 
1975b).
91
Table 8 shows the fixation of added CuEDTA under 
varying conditions of redox potential and pH. Like in 
the case of CuDTPA, fixation of CuEDTA occurred in soil 
suspensions at all redox potential and pH values and at 
all the concentrations of CuEDTA. The percent removal 
of Cu from CuEDTA decreased with increasing concentration 
of CuEDTA. Also, fixation generally increased with de­
crease in pH and redox potential. Generally, the fixa­
tion of CuEDTA in soil suspensions incubated at differ­
ent redox potentials and pH values is less than the 
CuDTPA fixation. From the stability constants (Table 2) 
of CuDTPA (22*48) and CuEDTA (19*62), it appears that 
DTPA forms greater stable complexes with Cu than does 
EDTA. Then the differential fixation of CuDTPA and EDTA 
may be due to the Fe behavior in soils. The DTPA ap­
pears to be preferentially forming stable complexes with 
Fe. This is also being supported by the formation con­
stants of FeDTPA (28*26) and FeEDTA (26*27) as shown in 
Table 2. This results in the occupation of more com- 
plexing sites on DTPA by Fe displacing Cu. The free
o  idisplaced Cu ion in soil solution is subjected to pre­
cipitation and adsorption reactions. Whereas in the 
case of CuEDTA, where relatively less Fe is forming 
complexes with EDTA, more Cu^+ can form complexes with
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Table 8 . Fixation of added CuEDTA in a flooded soil as 
influenced by redox potential and pH
Initial conc.
of CuEDTA in % Removal of added CuEDTA
soil solution --------------------------------
(yg/g soil) pH 5 pH 6 pH 7 pH 8
10 41. 08 18.56 10.45 17.15
+450 20 31.65 14.82 3.51 13.5640 25.69 20.42 7.28 15.98
60 18.44 16.56 6.90 13.23
10 57.00 27.65 17.08 15.44
+250 20 52.43 18.44 12.58 12.3240 52.30 21.26 15.37 16.41
60 41.12 17.37 11.95 11.33
10 67.20 21.96 30.98 34.13
+50 20 63.91 14.92 19.84 19.3340 62.64 12.94 20.78 20.39
60 58.02 15.13 13.78 14.84
10 80.92 99.21 58.64 74.44
-150 20 76.87 99.61 34.47 73.8440 74. 60 99.80 26.15 73.42
60 70. 06 99.87 23.08 65.89
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EDTA and hence is being protected partly from precipita­
tion and adsorption reactions.
The relatively greater fixation rates at lower pH 
values as compared to at higher pH values were due to 
the differential stability of CuEDTA with varying pH. 
Also fixation rates were greatest at a low redox poten­
tial value of -150 mv where sulfides and Fe are mainly 
responsible for the separation of Cu from CuEDTA. Like 
in the case of DTPA, practically all of the Cu added as 
CuEDTA was removed from solution in soil suspensions 
incubated at -150 mv and pH 6 . This is mainly due to 
sulfide effect. The lowest amount of Cu was fixed at 
+450 mv and pH 7.
Table 9 shows the effect of redox potential and pH 
on the fixation of Zn added as ZnDTPA to soil suspen­
sions. The fixation pattern appears to be the same as 
in the case of CuDTPA, particularly at higher redox po­
tentials such as +450 mv and +250 mv. Whereas at lower 
redox potentials (-150 mv and +50 mv), it is different 
from that of CuDTPA. Relatively lesser Zn added as 
ZnDTPA was fixed as compared to Cu added as CuDTPA at 
these lower redox potential values. This may be partly 
explained by the formation constants of Cu and Zn sul­
fides. As we can see in Table 2, the formation constant
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Table 9. Fixation of added ZnDTPA in a flooded soil as 
influenced by redox potential and pH
Initial conc.
Eh of ZnDTPA in % Removal of added ZnDTPA
(mv) soil solution





10 90.53. 38.75 8 . 44 1 1 . 06
20 53.24 24.21 1 . 2 2 3.26
40 58.66 26.40 6.55 14.54
60 45.91 37.53 1 1 . 1 0 33.81
10 91.47 61.95 27.10 16. 73
20 91.03 48.87 15.63 13.58
40 82.14 32.55 16.34 14.71
60 73.04 40.25 9. 91 30.47
10 65.09 72.27 6 6 . 60 80.38
20 56.86 55.18 54. 07 69.78
40 44.65 38.20 42.26 56.37
60 44.12 42.70 37.13 48.44
10 53.31 96.13 81.43 93.72
20 50.76 94.29 68.96 88.46
40 47.72 85.62 54.79 78.53
60 43.88 77.63 50.72 73.54
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of CuS (36*06) is about 11 orders of magnitude greater 
than that of ZnS (25*00). There was no definite pH effect 
on the fixation of Zn added as ZnDTPA at these lower redox 
potential values. Whereas at higher redox potential 
values (+450 mv and +250 mv), generally the fixation de­
creased with increase in pH. This was apparently due 
to the increased stability of ZnDTPA complex with in­
creasing pH from acid to neutral values (Lindsay et al., 
1967; Halvorson and Lindsay, 1972; Norvell and Lindsay, 
1972). The relative fixation of Zn generally decreased 
with increase in the concentration of ZnDTPA at all redox 
potential and pH values. The fixation of Zn was rela­
tively less as compared to in earlier studies at lower 
redox potential such as -150 mv. Even under these in­
tense reduced soil conditions, a considerable amount of 
Zn added as ZnDTPA remained not fixed by soil at the end 
of the 6-hour reaction period. This may be due to in­
sufficient time for the completion of the reaction in­
volving Zn^+ and S^~.
Table 10 shows the fixation pattern of Zn added as 
ZnEDTA complex. Except for some deviations, fixation 
of ZnEDTA was similar to that of ZnDTPA. Generally the 
fixation was greatest at pH 6 and redox potential of 
-150 mv. At each of the four concentrations studied,
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Table 10. Fixation of 
influenced







of ZnEDTA in % Removal of added ZnEDTA
(mv) soil solution 
(yg/g soil) pH 5 pH 6 pH 7 pH 8
10 48.34 9.58 15.22 4.75
+450 20 34.51 3.32 11.50 5.45' 40 33.77 17.93 17.97 17. 35
60 40.98 37.93 12.23 35.02
10 89.51 34.73 24.57 6.48
+250 20 86.79 28.62 1 0 . 6 8 7.5140 81.42 21.64 2 1 . 0 1 15. 92
60 71.04 38.41 17.76 34.42
10 68.17 3.61 38.93 2 0 . 0 2
+50 20 60.64 41.29 40.22 23. 9240 52.10 11.64 42.60 23. 98
60 48.15 55.03 36.92 37.23
10 56.65 96.16 71.20 78.89
-150 20 59.96 93.54 65. 81 77.4340 52.47 87.83 51. 86 72.75
60 48.96 80.69 47. 88 69.25
\
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percent removal of added Zn decreased with an increase 
in pH due to the increased stability of ZnEDTA with in­
creasing pH (Norvell and Lindsay, 1969). From Table 10 
it appears that the fixation of Zn was the same in soil 
suspensions with pH 5 and incubated under +450 mv and 
-150 mv. Two different processes are responsible at 
these two different redox levels. Like in the case of 
CuDTPA, CuEDTA, and ZnDTPA, at high redox potential and 
low pH values the instability of ZnEDTA complex appears 
to be causing the separation of Zn from ZnEDTA. Whereas 
at lower redox potentials and low pH values sulfides and 
Fe appear to be responsible for Zn fixation. At higher 
pH values of 6, 7 and 8, far more greater amount of Zn 
was fixed at lower redox potential of -150 mv as com­
pared to at +450 mv. This is because of the fact that 
ZnEDTA complex appears to be stable at high redox poten­
tial (+450 mv) and high pH values due to lack of con­
genial conditions for the reduction of Fe^+ to Fe^+ and
9  — 2 -for the reduction of SOf to S4
D. Behavior of CuDTPA, CuEDTA, ZnDTPA, and ZnEDTA dur­
ing the Oxidation of Reduced Soil System 
This experiment was undertaken to study the be­
havior of Cu and Zn chelates in a flooded soil during 
the oxidation process. Several physicochemical changes
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taking place in soil when it is reduced will proceed in 
the opposite direction when the soil is oxidized. Table 
11 shows some of the physicochemical changes taking 
place during the oxidation of a reduced soil to which 
46 ppm CuDTPA was added. The redox potential of the 
soil suspension was increased from -20 mv to +520 mv 
when the soil suspension was exposed to air. When the 
CuDTPA was added to reduced soil suspension, practically 
all of the added 46 ppm Cu was removed from solution 
within 0.5 hours. As against very low Cu concentration 
in soil solution, very large quantities of Fe and Mn 
were observed in soil solution. The DTPA chelate mole­
cule left free by the Cu removal appears to be forming 
complexes with Fe and Mn. The initial pH of the reduced 
soil suspension was 6.5. The sulfides produced under 
these reduced conditions are also responsible for the 
removal of Cu from DTPA. The production of free 
was observed.
There was no significant increase in the concentra­
tion of Cu until the redox potential was increased to 
about +350 mv. It appears that Cu is not recomplexing 
with DTPA in this redox potential range. The Cu con­
centration in the soil solution steadily increased from 
1.03 ppm to 34.75 ppm when the redox potential was
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Table 11. Behavior of 
reduced soil
CuDTPA during the oxidation of
Reaction Redox Concentration of metal ions
period potential yg/g soil
(hours) (mv) Cu Fe Mn
0.5 -20 0.07 210.0 96.3
1.0 -10 0.18 205.5 96.0
The reduced soil suspension was exposed to air
1.5 0 0.18 199.5 90.0
2.0 30 0.22 183.8 79.5
3.0 160 0.21 153. 8 69.0
4.0 280 0.21 88.5 54.8
6.0 305 0.21 20.3 37.9
8.0 345 0.32 17.3 33.6
12.0 350 1.03 16.5 28.8
14.0 360 1.92 15.0 23.5
22.0 280 5.17 15.0 13.7
36.0 500 11.33 8.3 11. 8
84.0 520 21.33 8.3 1.3
120.0 510 25.15 5.0 0.5
168.0 520 34.75 2.1 0.5
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increased from +350 mv to +520 mv. This indicates that 
the displaced Cu recomplexed with DTPA. The solution 
concentration of Fe and Mn gradually decreased respect 
tively from 210 ppm to 2.1 ppm and 96.3 ppm to 0.5 ppm 
with an increase in redox potential from -20 to +520 mv. 
This is because of precipitation of Fe and Mn as insolu­
ble oxyhydroxides.
Once Fe and Mn are separated from DTPA and removed 
from soil solution, Cu reoccupied the vacant chelating 
sites on DTPA. This exchange of Cu for Fe and Mn on 
DTPA ligand molecule during the oxidation of a reduced 
soil system appears to be a slow process. As we can see 
in Table 11, no significant amount of Cu was recomplexed 
with DTPA until about a redox potential of +380 mv. 
Whereas at the same redox potential, nearly 93 and 86 
percent of Fe and Mn, respectively, were removed from 
soil solution. On the other hand, only 11 percent of 
initially added Cu was recomplexed with DTPA. Even at 
the end of the 7-day reaction period, nearly 25 percent 
of originally added Cu remained not recomplexed with 
DTPA. Even though Fe and Mn are not competing with Cu 
for complexation with DTPA at higher redox potentials, 
large amounts of Cu remained fixed in soil. This in­
dicates that part of Cu fixed by adsorption and
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precipitation reactions is not rechelated by DTPA. The 
metal ions other than Fe^+ and Mn^+ such as Ca^+ , Mg^+ , 
Na+ , and K+ may be competing for chelation to form metal- 
DTPA complexes.
Table 12 shows the behavior of CuEDTA during the 
oxidation of a reduced soil. The general behavior of 
CuEDTA was more or less similar to that of CuDTPA. 
Practically all of the Cu added as CuDTPA was removed 
from the soil solution within 30 minutes. The Cu con­
centrations in soil solution remained more or less 
the same until about 210 mv. Thereafter, Cu concen­
tration in solution increased slowly up to a redox po­
tential of +300 mv. The Cu concentration rapidly in­
creased from 0.89 ppm to 30 ppm in soil solution when 
the oxidation intensity was increased as evidenced from 
high redox potential. Even though slightly more Fe was 
kept in solution from a redox potential of -20 to +115 
mv than in the case of CuDTPA, the general behavior of 
Fe and Mn was the same as in the case of CuDTPA. Like 
in the case of CuDTPA, a major part of fixed Cu was not 
recomplexed with EDTA.
Table 13 shows the behavior of ZnDTPA during the 
oxidation of a reduced soil. It appears that Zn-chelates 
are behaving differently from Cu-chelates during the
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0.5 -20 0.07 202.5 96.0
1.0 -20 0.11 199.5 96.0
The reduced soil suspension was exposed to air
1.5 -20 0.14 193.5 93.0
2.0 80 0.11 151.5 73.5
3.0 115 0.11 105. 8 61.5
4.0 210 0.14 54.8 48.8
6.0 260 0.21 33.0 39.2
8.0 275 0.61 37.5 37.9
12.0 285 0.68 27.8 34.7
14.0 300 0.89 27.8 24.9
22.0 365 1.67 28.5 11.1
36.0 400 3.64 19.5 9.8
84.0 490 16.00 12.8 0.7
120.0 500 21.00 10.5 0.5
168.0 510 30.00 6.1 0.3
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0.5 -15 13.20 193.5 107.3
1.0 0 12.23 193.5 96.3
The reduced soil suspension was exposed to air
1.5 150 10.73 190.5 96.0
2.0 170 9.98 180. 8 84. 8
3.0 180 9.83 156.8 75. 8
4.0 210 8. 36 103.5 61.5
6.0 250 2.40 26.3 41.2
8.0 260 1.33 15.0 37.3
12.0 275 1.60 12.8 32.0
14.0 270 2.40 12.0 24.9
22.0 275 6.98 6.8 13. 7
36.0 270 10.35 6.8 14.4
84.0 480 13. 35 6.8 11.1
120.0 500 18.56 4.7 7.0
168.0 520 25.00 2.5 4.6
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oxidation of the reduced soil system. Unlike CuDTPA and 
CuEDTA where all of the added Cu was removed from soil 
solution, in the case of ZnDTPA, nearly 29 percent of 
added Zn remained in solution at -15 mv after a reaction 
period of 30 minutes. The Zn concentration in soil so­
lution gradually decreased from 13.20 ppm to 1.33 ppm in 
spite of the increase in the redox potential from -20 mv 
to +260 mv. The fixation reactions here appear to be 
relatively slow as compared to fixation reactions in­
volving Cu. The reduced conditions in the soil system 
may not be sufficient to remove all the Zn added as 
ZnDTPA. The Zn concentration in soil solution increased 
steadily from 1.3 to 5.0 ppm with a further increase in 
the redox potential from +260 mv to +520 mv. Even after 
the soil system has been oxidized to obtain high redox 
potentials such as +520 mv, large quantities of Zn re­
main fixed in the soil. As we can see in Table 13, 
nearly 46 percent of added Zn was still not recomplexed 
with DTPA.
Even though slightly lower quantities of Fe were 
kept in solution, the general behavior of Fe was the 
same as that in the case of CuDTPA. Whereas the Mn 
concentration in soil solution was relatively higher 
than in the case of CuDTPA. The concentration of both
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Fe and Mn decreased with an increase in the redox poten­
tial.
The behavior of ZnEDTA in soil suspensions during 
the oxidation process is given in Table 14. The general 
behavior of ZnEDTA was similar to that of ZnDTPA, but 
differed from CuDTPA and CuEDTA. Slightly more Zn added 
as ZnEDTA was fixed in soil at lower redox potential 
values. Nearly 77 percent of Zn was fixed by soil im­
mediately after its addition to the reduced soil sus­
pension. Like ZnDTPA, the fixation reactions were slow, 
causing the gradual removal of remaining Zn which was 
not fixed at -15 mv. As we can see in Table 14, the Zn 
concentration in solution decreased from 10.73 ppm to 
2.27 ppm and then increased to 20.10 ppm with an in­
crease in redox potential from -15 mv to +52 0 mv. 
Slightly low Fe and high Mn was kept in soil solution 
at low redox potentials as compared to soil solutions 
to which ZnDTPA was added. Whereas at higher redox po­
tentials, slightly more Fe and less Mn were kept in 
soil solution as compared to soil solutions to which 
ZnDTPA was added.
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0.5 -15 10.73 187.5 103.5
1.0 0 9.90 187.5 103.5
The reduced soil suspension was exposed to air
1.5 -20 8.70 187.5 96.3
2.0 -20 8.03 183.8 96.0
3.0 10 7.65 165.0 84.8
4.0 70 8.03 143.3 75.8
6.0 150 8.50 90.8 58.5
8.0 220 4.25 37.5 40.6
12.0 240 2.27 27.0 34.7
14.0 300 2.40 26.3 27.5
22.0 310 2.90 22.5 11.8
36.0 345 5. 85 15.0 16.4
84.0 510 10.00 10.5 0.0
120.0 520 15.00 7.5 0.0
168.0 520 20.10 5.7 0.0
SUMMARY AND CONCLUSIONS
Laboratory investigations were made to study-the be­
havior of four widely used metal-chelates in flooded soils 
using a Crowley silt loam, a soil type in which rice is ex­
tensively grown. The metal chelates studied were CuDTPA 
(Copper-Diethylenetriaminepentaacetic acid), CuEDTA (Copper- 
Ethylenediaminetetraacetic acid), ZnDTPA (Zinc- 
Diethylenetriaminepentaacetic acid), and ZnEDTA (Zinc- 
Ethylenediaminetetraacetic acid).
Stability of Zn and Cu chelates of EDTA and DTPA 
were studied under controlled redox potential-pH soil 
conditions. The metal chelates ZnEDTA, ZnDTPA, CuEDTA, 
and CuDTPA were reacted with soil suspensions incubated 
at six different redox potentials (-200, -100, 0, +100,
+300, and +500 mv) and at pH 7 for reaction periods vary­
ing from 2 to 192 hours. The redox potential has a very 
significant effect on the stability of all four metal 
chelates studied. The percent of added Zn/Cu that re­
mained in soil solution decreased with decreasing redox 
potential from+500 to -200 mv. Even though Zn and Cu ■ 
chelates were stable at higher redox potentials, their 
stability decreased with time, apparently due to physi­
cal adsorption and microbial decomposition of metal- 
chelate complex. At lower redox potentials, Zn and Cu
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chelates were found to be highly unstable. This insta­
bility was found to be mainly due to chemical fixation of 
added Zn and Cu, not due to physical/microbial decomposi­
tion of metal-chelate complex.
The investigations also showed that the behavior of 
these Zn and Cu chelates was influenced by several physi­
cochemical changes resulting from flooding. Some physi­
cochemical parameters considered in this study were the 
changes in pH, redox potential, Fe, Mn, Ca, and Mg. All 
the four metal-chelates studied behaved similarly from 
a redox potential of -200 to +200 mv. Whereas, in the 
redox potential range of +200 to +500 mv, CuDTPA and 
ZnDTPA behaved differently from that of CuEDTA and ZnEDTA. 
At any given redox potential and pH more Cu was kept in 
solution by both DTPA and EDTA than Zn due to greater 
stability of Cu-chelate complexes because of small ionic 
radius of Cu^+ as compared to Zn^+ . The majority of the 
chemical changes brought about by flooding were the re­
sult of decreased redox potential of the soil system.
It appears the redox potential of the soil system is in­
directly influencing the behavior of Cu and Zn chelates 
by bringing about changes in several physicochemical 
properties of flooded soils. Among the several chemical 
systems, changes in Fe-system followed by Mn-system
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appear to have a dominating effect on the behavior of Cu 
and Zn chelates. The large amounts of Fe^+ and Mn^+ re­
leased into soil solution due to the reduction of oxy- 
hydroxides of Fe and Mn, displaced the Cu and Zn from 
DTPA and EDTA complexes. The pH influenced the behavior 
of Cu and Zn chelates only at higher redox potentials 
and had no effect at lower redox potentials.
The fixation of Cu and Zn added as their DTPA and 
EDTA complexes was influenced by redox potential and pH 
of soil suspensions. Fixation took place at all the 
concentrations of CuDTPA, CuEDTA, ZnDTPA, and ZnEDTA used 
in this study. The relative fixation of Cu and Zn gen­
erally decreased with increasing concentrations of metal- 
chelates used. Generally fixation decreased with increase 
in pH from 5 to 8 and an increasein redox potential from 
-150 to +450 mv. The lesser fixation of Cu and Zn at 
higher redox potential-pH values was attributed to the 
lesser competition of Fe for complexation with DTPA and 
EDTA. Fixation occurring at higher redox potential and 
near-neutral pH values appears to be due to the adsorption 
of whole metal-chelate molecules on the soil exchange 
complex. The decreased fixation of Cu and Zn chelates 
was not distinct at lower redox potentials such as -150 
mv and +50 mv. Under intense reduced soil conditions,
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the effect of pH on the fixation of CuDTPA appears to be 
masked by the lower redox potential values. All of the 
added Cu was removed from solution in soil suspensions 
incubated at -150 mv. This was the case at all pH values.
The fixation occurring at lower redox potential 
values was due to the chemical reaction between sulfides 
and metal ions. This resulted in the separation of Cu 
and Zn from DTPA and EDTA complexes due to the formation 
of CuS and ZnS, respectively. The greater concentrations 
of metal ions such as Fe^+ and Mn^+ appear to be increas­
ing this fixation process by displacement of Cu and Zn 
from their DTPA and EDTA complexes. The extent of fixa­
tion of Zn was less at -150 mv as compared with the Cu 
fixation, because of lesser formation constant of ZnS as 
compared with CuS. The greatest amounts of Cu and Zn 
were fixed at -150 and at pH 6.
The oxidation of reduced soil suspensions to which 
Cu and Zn chelates were added resulted in several dis­
tinct chemical changes. The physicochemical changes 
taking place in a soil when it is reduced proceeded in 
the opposite direction due to the oxidation of the re­
duced soil system. The reduced soil conditions resulted 
in the fixation of all added Cu and a major part of Zn.
The fixation of Cu was rapid as compared with Zn fixation.
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The oxidation of the reduced soil system resulted in the
recomplexation of fixed Cu and Zn. This recomplexation
process started only after the removal of a major part of 
2 +free Fe and chelated-Fe in soil solution. Copper and 
Zn were able to recomplex with DTPA and EDTA only after 
a decrease in the competing effect of Fe and Mn due to 
precipitation as insoluble oxyhydroxides. Some of the 
added Cu and Zn remain fixed in the soil in spite of in­
crease in redox potential to nearly +500 mv. Also, the 
recomplexation of fixed Cu and Zn with DTPA and EDTA was 
a slow process as compared to the fixation process.
These studies clearly show that even though the EDTA 
and DTPA are good sources for keeping micronutrient cat­
ions such as Zn^+ and Cu^+ in soil solution under oxidized 
soil conditions, they appear to be poor sources under 
reduced soil conditions because of poor stability. The 
results of this study necessitate the need for further
research to study the factors that are to be considered 
2 -4- 2 +for keeping Zn and Cu in soil solution under reduced 
soil conditions where rice is being extensively culti­
vated and the widespread deficiencies of Zn and Cu that 
have been reported. It is necessary to study how the 
interaction of several of these soil physicochemical and 
biological conditions will affect the behavior of the Zn
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and Cu chelates under field conditions. It is also im­
portant to investigate the effectiveness of DTPA and EDTA 
to supply Zn and Cu to rice plants grown under flooded 
soil conditions. Further investigations are to be made 
to find a better chelating agent for keeping Cu and Zn in 
soil solution under reduced soil conditions.
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